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Introduction 

Nearly  256,000  people  in  the  U.S.  have  spinal  cord  injuries  (SCI)  with  a  cost  to  the  nation 
estimated  at  $9.7  billion  per  year.  Detrusor  hyperreflexia,  loss  of  bladder  compliance  and  detrusor- 
sphincter  dyssynergia  ranks  as  one  of  the  top  sequelae  of  SCI,  severely  affecting  quality  of  life  ( 1 , 

2).  Life-long  urologic  follow-up  is  a  central  component  in  the  routine  care  of  the  SCI  patient,  given 
that  urologic  status  can  further  deteriorate  years  after  injury.  We  have  exciting  evidence  from  a 
number  of  individuals  with  severe  incomplete  injuries  showing  (i)  improved  bladder  function  and  a 
concomitant  reduction  in  bladder  maintenance  after  undergoing  treadmill  step  training  and  (ii) 
inhibition  of  stepping  ability  when  their  bladder  is  full.  A  case  study  published  out  of  Europe  has 
shown  a  similar  positive  outcome  of  training  on  bladder  function  in  an  individual  with  a  severe 
(95%)  motor  complete  cervical  SCI  (2).  The  purpose  of  the  current  Aims  was  to  take  these  “bedside” 
observations  to  the  “bench”  to  systematically  study  these  phenomena  using  well  established 
urodynamic  measures  in  a  male  rat  SCI  model  (contusion  at  T8)  and  to  examine  the  neural 
mechanisms  underlying  the  effects  induced  by  one  system  (locomotor)  on  another  (bladder).  Five 
sets  of  12  rats  each  (totaling  60)  requiring  20  weeks  from  beginning  to  end  of  the  study  were 
proposed  (pre-injury  testing,  implantation  of  bladder  catheter/EMG  electrodes,  SCI,  10  weeks  of 
training/testing  starting  two  weeks  post-SCI,  and  tissue  removal).  Because  of  the  time  necessary  for 
the  daily  step  training  of  each  rat,  only  one  group  is  being  done  at  a  time  (each  set  of  12  rats 
comprises  4  non- trained,  4  quadrupedally  step  trained  and  4  forepaw  only  step  trained).  Thus,  in  a 
given  hour  session,  one  quadrupedally  step  trained  and  one  forepaw  only  step  trained  is  on  the  two 
lane  treadmill  with  one  non-trained  in  a  harness  next  to  it.  Thus,  five  hours  of  training  is  done  in 
total  per  day  (with  15  minutes  of  time  between  groups). 


Keywords:  Bladder,  spinal  cord  injury,  cystometry,  urodynamics,  kidney,  locomotor  training, 
exercise,  detrusor-sphincter  dyssynergia 


Overall  Project  Summary 

Initial  Control  Experiments 

The  SOW  included  the  equipment  purchase  of  Metabolic  Cages  from  Columbus  Instruments 
(6  station  CLAMS  system,  equipment  cost  $45,832  approved  by  DOD  for  measuring  voiding 
patterns  and  assessing  fluid  intake  during  the  recovery/training  phase  of  the  study).  The  company 
customizes  each  system  based  on  customer  specifications,  and  I  allowed  two  months  in  the  SOW. 
Although  the  order  was  placed  on  August  18,  201 1  (three  days  after  the  August  15th  start  of  the  grant 
thanks  to  my  request  to  expedite  the  setting  up  of  my  new  university  purchasing  account),  the 
equipment  did  not  arrive  until  February  6,  2012  and  was  set-up  and  ready  for  use  by  February  10, 
2012.  In  anticipation  of  the  delivery  date,  the  first  set  of  12  rats  were  ready  to  go,  with  our  first 
baseline  measure  on  this  group  using  the  new  CLAMS  system  on  February  16th. 

Since  we  had  to  wait  4  additional  months  for  the  arrival  of  the  equipment  to  start  the  first  set 
of  12  rats,  we  conducted  two  control  experiments  in  the  Fall  of  201 1  that  have  ended  up  being  a 
huge  time  saver.  The  first  experiment  involved  maintaining  the  bladder  catheters  chronically. 
Although  our  lab  and  others  have  kept  the  implanted  catheters  functioning  for  up  to  several  weeks 
post  implant,  we  did  not  know  whether  they  could  be  maintained  for  the  entire  duration  of  our 
proposed  study  (10  weeks).  We  tested  chronic  bladder  catheters  (for  early  and  mid-way  through 
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training  cystometry)  in  6  male  rats.  After  implantation,  some  of  the  rats  would  pull  on  the  catheter 
lines  despite  being  well  secured  at  the  back  of  their  neck.  They  would  then  chew  on  it,  resulting  in  a 
shorter  line  that  in  a  few  cases  would  retract  underneath  the  skin.  One  rat  that  no  longer  had  a  usable 
catheter  line  was  sacrificed;  at  which  time  we  discovered,  during  post-mortem  examination  of  the 
tissue,  that  the  prostate  gland  adjacent  to  the  bladder  was  hardened  and  enlarged  (this  has  never  been 
the  case  in  SCI  rats  without  chronic  catheters).  The  issue  concerning  the  prostate  turned  out  to  be  a 
common  complication  in  all  the  control  study  rats  we  attempted  with  chronic  catheters  (possibly  due 
to  catheter  movement  rubbing  against  the  prostate  and  likely  producing  inflammation).  Since  the 
new  CLAMS  cage  system  was  going  to  provide  voiding  data  during  the  recovery/training  phase,  we 
decided  that  cystometric  recordings  at  the  tenninal  experiments  would  be  more  than  adequate  (not 
compromising  the  bladder  with  a  chronic  catheter  far  outweighed  any  additional  information  that 
would  be  obtained  with  a  chronic  catheter  in  place). 

The  second  control  experiment  during  Fall  2011  involved  maintaining  the  head  plugs  which 
attach  to  the  EMG  wires  that  are  implanted  in  several  hind  limb  muscles  (in  our  pilot  studies  about 
25%  of  the  animals  had  their  head  plugs  come  loose  at  various  time  points).  Problems  encountered 
included  incomplete  healing  of  the  skin  around  the  dental  cement,  infections  that  began  between  the 
dental  cement  and  bone  that  was  not  detectable  until  it  would  spread  and  compromise  the  adhesion 
of  the  head  plug  to  the  skull.  Since  the  EMG  recordings  and  testing  was  to  be  done  primarily  for  the 
tenninal  experiments  and  we  were  no  longer  chronically  implanting  the  bladder  catheter,  we  took  the 
approach  of  also  eliminating  the  head  plugs  and  just  leaving  the  implanted  wires  under  the  skin  at 
the  back  of  the  neck  (exposed  connector  wrapped  with  sterile  parafilm),  to  be  retrieved  at  the  time  of 
bladder  catheterization  for  terminal  urodynamics  and  interaction  assessments  between  the  two 
systems  (per  Aim  2).  Thus,  the  only  change  with  regards  to  hind  limb  muscle  EMG  recordings  is 
that  we  will  no  longer  be  doing  a  pre-injury  EMG  baseline  (main  comparison  is  between  the  three 
groups  of  rats  following  the  terminal  assessments  for  training  effects  and  not  pre/post  injury 
comparisons). 

In  order  to  save  additional  time  to  begin  the  first  group  as  promptly  as  possible  upon  the 
arrival  of  the  CLAMS  system,  we  took  the  opportunity  last  fall  to  also  have  several  lab  personnel 
practice  training  rats  on  the  treadmill  (first  attempt  with  the  forelimb  trained  group).  We 
incorporated  the  training  (30  min/day)  as  part  of  a  study  on  one  specific  under-studied  aspect  of 
bladder  dysfunction  post-SCI,  polyuria  (over-production  of  urine).  This  extremely  important  issue, 
involving  extra  (nightly)  catheterizations  to  avoid  bedwetting  and  bladder  over-distention, 
contributes  to  chronic  sleep  deprivation  and  confounds  both  upper  and  lower  urinary  tract 
management.  We  documented  the  presence  of  polyuria  in  rats  with  three  different  injury  severities, 
including  a  mild  injury  (see  data  in  Figures  1  and  2).  For  the  training  part  of  the  study,  the  moderate 
210  kilodyne  injury  severity  was  chosen  for  measurable  deficits  that  could  be  reversible.  Injury 
parameters  and  white  matter  spared  at  the  epicenters  demonstrated  uniform  injuries  between  each 
treatment  group.  The  mean  percent  of  white  matter  sparing  for  each  group  (non-trained,  forelimb, 
step-trained)  are  as  follows:  9.2%,  1 1.4%,  and  12.8%.  Urine  collection  over  24  hours  showed  no 
significant  differences  (p>0.05)  between  step  trained,  forelimb  trained,  and  non-trained  SCI  animals 
(see  Table  1).  The  working  hypothesis  for  polyuria  post-SCI  is  based  upon  lower  extremity  fluid 
edema.  The  lack  of  an  effect  for  step-training  to  promote  circulation  and  reduce  edema  suggests  that 
alternate  hypotheses  for  the  basis  of  polyuria  needs  to  be  considered  (such  as  increased  day  time 
ADH  levels  in  SCI  individuals  -  see  Discussion  in  journal  article  for  further  detail).  Alternatively,  it 
is  also  possible  that  30  minutes  of  training  per  day  was  not  sufficient  enough  to  see  an  effect  (current 
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studies  are  60  minutes  of  training  per  day).  The  timing  and  duration  of  training  is  being  addressed 
further  in  our  current  studies  (see  below). 


Figure  1.  Chronic  urological  deficits  manifest 
as  low  voiding  efficiency,  leaving  urine  within 
the  bladder.  Combined  with  polyuria,  these  high 
residual  volumes  increase  risk  of  bladder 
infection,  pyelonephritis,  renal  damage,  and 
autonomic  dysreflexia.  Uninjured  control  value 
from  Keirstead  et  ah,  2005.  *150  kD  (IS)  vs 
150  kD;  p<.  05.  #210  kD  vs  150  (IS);  p<.05. 


Figure  2.  Polyuria.  All  injury  groups 
significantly  increased  urine  production  from 
pre-injury  baseline  (#  p<.01),  and  150  kD  and 
150  kD  (IS)  groups  are  significantly  greater 
than  laminectomy  at  week  6  post-SCI  (A 
p<.01).  Laminectomy  controls  remained  the 
same. 


Table 


:  Metabolic  Cage  Data  for  rats  having  30  minutes  training  per  day  for  8  weeks. 


Groups* 

Week  1 

Week  2 

Week5 

Week  8 

Collections 

Trained 

23.31 

2.87 

28.23 

4.40 

25.00 

4.58 

23.92 

4.13 

24h  Food  (g) 

30.23 

5.49 

38.81 

8.98 

33.46 

7.63 

33.65 

7.22 

24h  H20  (ml) 

11.88 

8.52 

21.19 

4.94 

17.31 

5.25 

17.12 

5.08 

24h  Urine  (ml) 

Forelimb 

24.22 

6.14 

27.33 

3.12 

24.00 

6.24 

23.56 

4.88 

24h  Food 

35.56 

8.98 

39.17 

7.48 

32.56 

7.89 

32.28 

5.60 

24h  H20 

10.02 

2.22 

20.33 

4.47 

17.78 

5.62 

16.28 

3.40 

24h  Urine 

Non  Train 

23.43 

3.78 

28.43 

2.30 

25.14 

3.24 

21.86 

5.76 

24h  Food 

34.36 

7.85 

40.43 

7.98 

31.29 

7.04 

30.43 

10.03 

24h  H20 

10.41 

1.81 

23.14 

3.39 

16.79 

4.21 

15.93 

4.13 

24h  Urine 

*(n=14  trained,  n=9  non  trained,  n=10  forelimb)  Mean  and  standard  deviation  listed  for  weeks  1, 
2,  5,  8  of  24hr  food,  water  and  urine  collection. 
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Groups  of  Rats  (final  count) 

The  first  set  of  12  rats  (Group  1)  had  baseline  measures  taken  pre-injury  on  February  16th, 
2012.  The  tenninal  experiments  were  performed  on  May  3 1st,  2012.  The  second  group  of  12  rats 
had  their  baseline  measures  done  pre-injury  on  July  24,  2012.  The  terminal  experiments  for  this 
group  were  done  in  November  of  20 12.  Group  3(12  rats)  had  their  pre-injury  baseline  measures 
done  the  week  of  January  28,  2013.  The  tenninal  Group  3  experiments  were  done  the  end  of  May. 
Group  4  had  pre-injury  baselines  done  starting  Aug.  8,  2013  and  tenninal  experiments  were 
completed  Nov.  13,  2013.  The  fifth  (last)  group  of  12  rats  had  pre-injury  baseline  measures  starting 
Jan.  15,  2014  and  tenninal  experiments  April  24,  2014. 

We  now  have  experiments  on  all  60  rats  (plus  7  surgical  shams  to  obtain  bladder  and  kidney 
tissues  from  “normal’  non-injured  animals)  and  have  complete  data  sets  for  46  of  the  60  rats.  Seven 
rats  (six  from  the  first  three  groups)  were  not  included  either  because  they  did  not  meet  the  studies 
inclusion  criteria  (minimum  injury  force/displacement)  or  due  to  death  prior  to  the  terminal 
experiments  (post-injury  complications;  one  rat  was  put  down  due  to  autophagia).  All  the  remaining 
rats  that  were  lost  (7  in  total)  were  from  Group  4.  The  vendor,  without  telling  us,  replaced  regular 
“Wistar”  rats  in  our  order  with  “Wistar  Furth”  rats.  All  7  rats  were  lost  at  the  time  of  injury,  which 
was  unusual  and  raised  a  red  flag.  Long  story  short,  the  Furth  strain  of  Wistars  are  susceptible  to 
ketamine  (the  anesthetic  we  used). 

Of  the  46  rats  that  completed  the  study,  16  are  from  the  quadrupedal-trained  group,  16  are 
from  the  forelimb  trained  exercise  control  group,  and  14  are  from  the  non-trained  control  group.  The 
goal  was  15  per  group  (20  attempted),  so  this  final  tally  should  be  sufficient  to  address  all  the 
proposed  aims.  Data  summaries  are  provided  below,  along  with  data  analysis  and  assessments  of 
significant  trends. 

Animal  Data 


1)  Impactor  and  Locomotor  Data:  The  impactor  data  and  BBB  locomotor  scores  are  provided  in 
Table  2.  No  significant  differences  were  found  between  the  force  and  displacement  measures  for  the 
three  groups.  In  addition,  the  pre-training  locomotor  scores  were  not  significantly  different  between 
the  groups,  as  is  expected  with  the  randomization  of  animals  into  the  three  groups  prior  to  the  start  of 
training. 

Table  2:  Impactor  Data  and  BBB  Locomotor  Scores  -  Group  Summary 


IH  SCI  Impactor  Values 

BBB 

Force  (kdyn) 

Displacement 

(mm) 

Pre-training  (14 
days  post-SCI) 

Post-Training  (at 

1 1  weeks) 

Quad.  Trained 

231.4  (n=16) 

1.38  ±0.03 

9.6  ±0.4 

11.4  ±0.5 

Forelimb  only 

231.4  (n=16) 

1.37  ±0.04 

9.8  ±0.4 

11.1  ±0.7 

Non-trained 

232.4  (n=14) 

1.40  ±0.04 

9.5  ±0.4 

11.5  ±0.6 
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Table  3:  Impactor  Data  and  BBB  Locomotor  Scores  -  Locomotor  Trained  Group 


Quadrupedal 


Animal 

Cx  Data 

Force 

Displ. 

(pm) 

4  Day  Urine 
(ml) 

7  Day  Post 

BBB 

14  Day 
Post 

BBB 

Week  7 

BBB 

Week  8 

BBB 

Final 

BBB 

2 

213 

1305 

1.485 

10 

11 

11 

17 

12 

7 

222 

1140 

0.385 

12 

12 

18 

18 

18 

10 

217 

1464 

6.74 

9 

11 

15 

11 

11 

12 

214 

1358 

4.02 

6 

9 

11 

11 

11 

14 

240 

1552 

4.63 

6 

8 

11 

11 

11 

15 

230 

1446 

4.115 

8 

10 

11 

11 

11 

21 

236 

1411 

0.325 

6 

8 

11 

11 

11 

23 

240 

1446 

4.26 

6 

10 

11 

12 

11 

28 

251 

1146 

5.34 

0 

7 

8 

8 

8 

29 

232 

1446 

2.24 

8 

11 

11 

12 

12 

31 

239 

1393 

3.34 

7 

10 

11 

12 

11 

44 

237 

1340 

4.92 

8 

11 

11 

11 

11 

51 

233 

1305 

4.07 

4 

10 

11 

11 

11 

56 

237 

1340 

1.335 

6 

10 

11 

11 

11 

64 

232 

1481 

2.73 

4 

8 

11 

11 

11 

67 

230 

1428 

4.09 

7 

8 

11 

11 

11 

Group 

231.44 

1375.06 

3.38 

6.69 

9.63 

11.50 

11.81 

11.38 

Table  4: 

Impactor  Data  and  BBB  Locomotor  Scores  - 

Forelimb  Trained  Group 

Forelimb 

Animal 

Cx  Data 

Displ. 

4  Day  Urine 

7  Day  Post 

14  Day 
Post 

Week  7 

Week  8 

Final 

Force 

(pm) 

(ml) 

BBB 

BBB 

BBB 

BBB 

BBB 

3 

215 

1340 

4.635 

9 

11 

11 

11 

11 

6 

216 

1464 

0 

10 

12 

18 

19 

18 

9 

213 

1270 

3.535 

8 

11 

11 

11 

11 

13 

264 

1605 

2.985 

1 

8 

8 

10 

8 

20 

226 

1464 

5.82 

7 

8 

10 

11 

9 

22 

239 

1039 

1.12 

11 

12 

21 

20 

18 

24 

225 

1340 

2.38 

1 

10 

11 

11 

10 

26 

231 

1428 

2.135 

7 

9 

11 

11 

11 

27 

250 

1534 

4.968 

1 

8 

11 

11 

10 

35 

237 

1481 

0.92 

8 

10 

11 

11 

12 

36 

235 

1499 

4.145 

6 

10 

11 

11 

11 

43 

226 

1254 

3.985 

7 

11 

11 

11 

11 

8 


59 

239 

1164 

4.015 

11 

11 

11 

11 

11 

61 

227 

1375 

3.35 

1 

8 

8 

8 

8 

62 

235 

1499 

3.11 

7 

8 

8 

8 

8 

66 

225 

1217 

1.655 

8 

10 

11 

11 

11 

Group 

231.44 

1373.31 

3.05 

6.44 

9.81 

11.44 

11.63 

11.13 

Table  5: 

Impactor  Data  and  BBB  Locomotor  Scores  - 

Non-Trained  Group 

Non-trained 

Animal 

Cx  Data 

Displ. 

4  Day  Urine 

7  Day  Post 

14  Day 
Post 

Week  7 

Week  8 

Final 

Force 

(pm) 

(ml) 

BBB 

BBB 

BBB 

BBB 

BBB 

4 

210 

1164 

3.97 

8 

12 

17 

18 

16 

5 

210 

1252 

0 

9 

11 

16 

17 

16 

8 

217 

1499 

4.27 

8 

8 

10 

12 

11 

11 

220 

1481 

4.795 

9 

11 

13 

11 

12 

16 

228 

1375 

5 

3 

8 

11 

11 

10 

17 

242 

1710 

3.325 

8 

10 

11 

11 

11 

18 

232 

1446 

3.395 

1 

8 

10 

8 

10 

30 

230 

1499 

4.235 

1 

7 

8 

8 

8 

32 

232 

1428 

4.075 

4 

10 

13 

11 

12 

34 

233 

1340 

4.165 

8 

11 

11 

11 

11 

42 

225 

1164 

3.515 

11 

11 

12 

12 

13 

57 

317 

1569 

3.76 

6 

8 

10 

11 

10 

58 

226 

1358 

3.335 

8 

10 

11 

11 

10 

60 

232 

1358 

3.565 

2 

8 

11 

11 

11 

Group 

232.43 

1403.07 

3.67 

6.14 

9.50 

11.71 

11.64 

11.50 

Although  no  differences  have  been  found  for  overground  assessment  of  locomotion  (BBB)  in 
the  current  experiment,  our  initial  experiments  for  these  studies  (quadrupedal  and  non-trained  groups 
only)  revealed  differences  in  kinematic  and  gait  analyses.  In  our  initial  experiments  (4),  kinematic 
analysis  of  maximum  (joint  extension),  minimum  (joint  flexion),  and  excursion  (joint  range  of 
motion)  angles  formed  by  the  hip-ankle-toe  (HAT)  and  iliac  crest -hip-ankle  (IHA)  during  stepping 
was  compared  between  groups  post-training  (Figure  3).  Trained  animals  demonstrated  significantly 
greater  ankle  flexion  than  non-trained  controls.  Hip  and  ankle  angular  excursions,  stride  length, 
phase  relationship,  toe-hip  distance,  and  toe  velocity  were  not  different  between  groups  (data  not 
shown).  Gait  analysis,  performed  at  30,  60,  and  80  days  post-training  revealed  improvements  in  step 
cycle  duration,  stance,  swing,  and  steps  per  second  (Figure  4). 
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Figure  3.  Hindlimb  kinematics. 
Trainers  did  not  touch  or  assist  the 
animals  during  locomotor  assessments 
(except  to  position  the  paws  in  a 
plantar  position  before  the  treadmill 
belt  started),  a)  Maxtraq  diagram 
showing  the  IHA  and  HAT  angles,  b) 
Maximum  and  minimum  (peaks  and 
troughs)  mean  angular  amplitudes  of 
the  hip  and  ankle  joints  at  the 
completion  of  the  study.  Trained 
animals  demonstrate  significantly 
greater  mean  ankle  flexion  (trained 
HAT  92.03±  10.64;  non-trained  HAT 
128.46±41.34,  p=.041).  c  &  d)  Stick 
figure  representation  of  two  animals 
with  comparable  BBB  scores  from  the 
trained  (BBB=12)  and  non-trained 
(BBB=1 1)  groups  at  the  completion  of 
the  study.  Trained  animals  had  larger 
mean  angular  excursions  at  both  the 


hip  and  ankle  (trained  excursions:  HAT  76.95±25.64,  IHA  35.25±9.98;  non-trained  excursions: 


HAT  61.73±28.06,  IHA  27.20±9.90).  Phase  relationship  of  stepping  via  the  hip  and  ankle 


angular  pattern  of  peaks  and  troughs  (or  extension  and  flexion).  The  trained  animal  demonstrates 


a  greater  range  of  motion  in  the  ankle  (c  light  grey  trace). 


Figure  4.  Gait  Analysis,  a) 
Step  cycle  duration  is  the 
time  between  two  successive 
left  foot  contacts.  The  mean 
step  cycle  duration  of  the 
non-trained  group  became 
significantly  longer  (30  vs 
60  days,  #  p=.037;  30: 
1.76±2.0,  60:  2.99±1.7). 
Trained  animals  had  a 
significantly  shorter  mean 
step  cycle  duration  than  non- 
trained  animals  at  the  60  day 
time  point  (trained  1.41±.23, 
non-trained  2.99±1.7,  % 
p=.031).  b)  Stance  duration 
is  the  time  between  contact 
and  lift  off  of  the  left  foot. 
Trained  animals  had 

Fig  6  Non-trained  Trained  Non-trained  Trained  significantly  shorter  mean 
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stance  duration  as  compared  to  non-trained  animals  at  the  60  day  time  point  (trained  0.56±.16, 
non-trained  2.45±2.13,  %  p=.037).  c)  Swing  duration  is  the  difference  between  step  cycle  and 
stance  durations.  No  significant  differences  were  detected  between  groups.  All  animals  initially 
had  short  swing  durations,  which  improved  with  time  during  the  study;  non-trained  30:  0.10±.08, 
60:  0.54±.46,  80:  0.93±.94;  trained  30:  0.20±.04,  60:0.85±.14,  80:  0.92±.30  (#  Non-trained  30  vs 
60,  p=.01 1  and  80,  p=.019;  **  Trained  30  vs  60,  p=.001).  d)  In  terms  of  the  number  of  steps  per 
second,  trained  and  non-trained  groups  demonstrated  similar  function  at  30  days  (0.66±.l  1  vs 
0.70±.50),  but  by  the  60  day  time  point  trained  animals  took  significantly  more  steps  per  second 
than  non-trained  animals  (trained  1.56±.38,  non-trained  0.56±.74,  %  p=.007).  Within  the  Trained 
group,  animals  took  significantly  more  steps  per  second  at  60  and  80  days  compared  to  30  days 
(*  30  vs  60  p=.008  and  80:  1.50±.41,  p=.026),  indicative  of  the  positive  effects  of  training  on  the 
ability  of  these  animals  to  take  successful  steps.  Additionally,  animals  in  the  trained  group 
showed  less  variability  than  animals  in  the  non-trained  group  for  each  measure. 

2)  Histology:  Histological  reconstruction  of  white  and  gray  matter  sparing  at  the  lesion  epicenter  as 
well  as  volume  measurements  of  spared  white  and  gray  matter  (+/-  3  mm  from  the  lesion  epicenter) 
for  the  46  rats  from  the  completed  3  groups  is  presented  in  Table  6.  There  are  no  significant 
differences  between  the  experimental  groups  in  terms  of  lesion  epicenter  extent  and  the  total  volume 
of  the  lesion.  The  volume  of  white  matter  sparing  was  highly  correlated  with  the  final  BBB  scores 
from  Tables  3-5  (correlation  coefficient  =  0.667;  p<0.0001). 
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fable  6:  Lesion  Reconstruction  Data 

DOD 

%  White  Matter 

%  Gray  Matter 

%  White  Matter 

%  Gray  Matter 

# 

Sparing  (Epicenter) 

Sparing  (Epicenter) 

Sparing  (Volume) 

Sparing  (Volume) 

Quadrupedal-trained  Group 

2 

24.1 

5.9 

12.6 

3.2 

7 

42.2 

13.1 

14.7 

4.2 

10 

15.3 

0 

10.3 

2.3 

12 

15.7 

0 

10.3 

2.2 

14 

10.3 

0 

10.8 

3.0 

15 

6.1 

0 

10.2 

2.8 

21 

13.1 

0 

11.4 

3.1 

23 

7.6 

7.7 

11.4 

3.0 

28 

10.1 

6.3 

10.2 

2.3 

29 

37.1 

15.3 

11.1 

3.0 

31 

11.7 

0 

9.6 

1.6 

44 

18.2 

16.2 

11.1 

2.4 

51 

6.6 

3.0 

10.0 

2.3 

56 

29.4 

23.7 

11.6 

2.7 

64 

11.5 

0 

9.9 

2.2 

67 

20.4 

12.5 

10.9 

2.6 

Mean 

17.5  ±2.7 

6.5  ±  1.9 

11.0  ±0.3 

2.7  ±0.2 

Forelimb-trained  Exercise  Controls 

3 

21.1 

0 

10.7 

2.7 

6 

44.1 

5.1 

14.9 

4.0 

9 

26.1 

7.3 

11.0 

2.9 

11 


13 

19.1 

10.3 

11.3 

3.2 

20 

11.5 

0.85 

12.9 

3.9 

22 

38.3 

8.7 

16.4 

4.7 

24 

36.4 

8.6 

12.6 

2.5 

26 

5.9 

0 

10.4 

1.8 

27 

17.9 

11.7 

11.1 

3.4 

35 

18.5 

2.4 

11.3 

3.0 

36 

12.1 

0 

10.2 

2.7 

43 

19.0 

6.4 

11.8 

2.9 

59 

31.3 

17.9 

13.1 

2.5 

61 

17.3 

18.2 

9.0 

2.0 

62 

8.8 

2.2 

12.4 

3.7 

66 

24.8 

11.0 

11.2 

2.6 

Mean 

22.0  ±2.7 

6.9  ±  1.5 

11.9  ±0.5 

3.0  ±0.2 

Non-trained  Controls 

4 

26.6 

0 

13.3 

3.7 

5 

28.8 

1.6 

15.2 

3.1 

8 

19.8 

4.3 

11.4 

2.5 

11 

26.9 

5.3 

15.3 

3.9 

16 

10.0 

0 

10.6 

2.6 

17 

13.0 

23.6 

14.7 

4.0 

18 

21.3 

12.2 

13.5 

2.4 

30 

4.5 

2.1 

9.1 

2.5 

32 

20.8 

13.3 

11.8 

3.1 

34 

16.3 

14.0 

10.2 

3.0 

42 

32.4 

8.7 

15.6 

4.4 

57 

12.1 

4.2 

9.2 

2.4 

58 

21.2 

7.5 

10.4 

2.7 

60 

20.4 

27.2 

10.7 

2.2 

Mean 

19.6  ±  2.1 

8.9  ±2.3 

12.2  ±0.6 

3.0  ±0.2 

3)  Metabolic  Cages  (CLAMS):  The  CLAMS  data  is  novel  both  for  our  lab  as  well  as  for  assessing 
SCI  rats.  The  infonnation  collected  from  the  46  rats  included  voiding  data  (total  average  urine, 
average  number  of  urine  events,  and  average  urine  volume  per  event  in  a  24  hour  period)  as  well  as 
drinking  data  (total  average  intake,  total  average  drink  events,  and  average  drink  volume  per  event  in 
a  24  hour  period).  The  CLAMS  metabolic  cage  data  indicate  that  both  training  groups  show  a  reversal 
back  toward  normal  (baseline)  during  the  final  two  weeks  of  training  (see  Figure  5).  Note  that  the 
significant  improvement  was  also  observed  for  the  forelimb  exercise  control  SCI  rats,  indicating  that 
any  type  of  exercise  may  benefit  the  SCI  -induced  polyuria.  Also,  these  results  would  indicate  that 
duration  of  exercise  (60  versus  30  minutes  of  training  -  see  above)  is  an  important  factor  in  order  to 
observe  benefits  in  urological  function  (this  finding  is  consistent  with  studies  on  locomotor  systems). 
A  newly  submitted  DOD  grant  will  address  underlying  causes,  as  knowledge  of  the  mechanisms 
involved  may  provide  additional  therapeutic  targets  (i.e.,  although  with  exercise  there  was  a 
significant  improvement,  the  urine  volumes  are  still  significantly  greater  than  baseline).  The  cause  of 
polyuria  within  the  SCI  population  is  currently  not  clear.  One  possible  underlying  mechanism  is 
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hyponatremia  (a  decrease  in  the  level  of  serum  sodium)  which  can  often  occur  due  to  high  water 
content  in  the  blood.  Hyponatremia  is  often  associated  with  hyposmolality  (a  decrease  in  blood 
osmolality).  One  of  the  easiest  ways  for  the  body  to  increase  the  level  of  sodium  and  increase  plasma 
osmolality  is  to  increase  water  excretion  through  urination.  Several  studies  have  shown  that 
hyponatremia  develops  following  SCI.  The  trigger  that  the  body  uses  to  increase  water  excretion  in 
response  to  hyponatremia  and/or  hyposmolality  is  to  decrease  the  release  of  antidiuretic  hormone 
(ADH;  also  known  as  vasopressin)  from  the  posterior  pituitary  gland  (neurohypophysis).  When 
plasma  ADH  levels  are  low,  the  body  excretes  more  water.  Thus,  if  polyuria  following  SCI  is 
triggered  by  hyponatremia  and/or  hyposmolality,  then  there  should  be  a  decrease  in  the  plasma  ADH 
levels  post-SCI.  Recently  obtained  pilot  data  from  8  male  rats  with  a  T9  contusion  indicate  that  serum 
ADH  levels  decrease  after  severe  SCI  in  our  rat  model  (Figure  6),  which  is  consistent  with  our 
metabolic  cage  data  showing  elevated  total  urine  volume  (Figure  5). 


Total  Urine  Volume  (24  hours) 


Post-SCI  Post-SCI _ Post-SCI 

Pre-Training  Weeks  3  &  4  Weeks  8  &  9 
Post-Training  Post-Training 


Average  Void  Volume 


Post-SCI  Post-SCI _ Post-SCI 


Pre-Training  Weeks  3  &  4  Weeks  8  &  9 
Post-Training  Post-Training 


Total  Urine  Events  (24  hours) 


Total  Water  Intake  (24  hours) 


5 


Pre-SCI  Weeks  1  &  2  Weeks  5  &  6  Weeks  10  &  11 
Post-SCI  Post-SCI  Post-SCI 
Pre-Training  Weeks  3  &  4  Weeks  8  &  9 
Post-Training  Post-Training 


60 

I 

<1> 

|  40 

5 

20 


Pre-SCI  Weeks  1  &  2  Weeks  5  &  6  Weeks  10  &  11 
Post-SCI  Post-SCI  Post-SCI 
Pre-Training  Weeks  3  &  4  Weeks  8  &  9 
Post-Training  Post-Training 


Figure  5.  Illustration  of  training  effects  on  the  total  amount  of  urine  voided  in  a  24  hour  period 
(pre-injury  baseline  [average  of  two  measures]  vs  post-injury/pre-training  measurement  [average 
of  two  measures]  vs  mid-training  [average  of  week  3  and  week  4  post-training  values])  and  end 
of  training  [average  of  weeks  8  and  week  9  post-training  values]).  Total  24  hour  urine  volume 
significantly  decreased  after  10  weeks  of  training  for  both  the  locomotor  trained  group  and  the 
exercise  control  (forelimb)  group).  Urine  output  per  void  was  significantly  higher  for  the  non- 
trained  group  that  received  no  training/exercise,  reflecting  the  higher  urine  production  for  that 
group  and  the  reduction  of  polyuria  (increase  urine  production)  for  the  trained  group. 
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Plasma  ADII  Levels 


Figure  6  -  ADH  levels  from  blood  samples  (tail  vein)  obtained  from  a  group  of  8  male  Wistar 
rats  one  week  prior  to  and  then  two  weeks  after  T9  contusion.  Arginine  Vasopressin  EIA  Kit 
(#583951;  Cayman  Chemical  Co.,  Ann  Arbor,  MI)  was  run  in  triplicate  and  averaged  to  obtain  a 
value  for  each  rat.  *:  p<0.001. 

4)  Terminal  Cystometry  (CMG):  The  results  from  our  initial  study  (4)  demonstrates  urological 
improvements  with  a  one  hour  daily  quadrupedal  step  training  regimen  utilizing  manual  trainer 
assistance  initiated  at  two  weeks  post-contusion  injury  and  continued  for  three  months  relative  to 
non-trained  controls.  As  with  the  current  groups  of  rats,  post-training,  non-stop  transvesical 
urodynamics  was  used  to  evaluate  voiding  parameters  in  all  SCI  rats.  The  mean  voiding  efficiency 
(percent  volume  voided/volume  infused)  of  the  trained  group  was  significantly  greater  than  non- 
trained  (trained  39.78  ±  17.72;  non-trained  22.29  ±  1 1.02,  p=.042).  This  was  accompanied  by  a 
significant  increase  in  the  maximum  amplitude  of  bladder  contraction  (MAC,  pressure  in  mmHg) 
and  a  significantly  increased  intercontraction  interval  (ICI,  time  in  seconds  -  sec)  (MAC  p=.043,  ICI 
p=.018).  Contraction  time  (CT),  resting  pressure,  and  bladder  weight  demonstrated  no  differences 
between  groups.  However,  bladder  weight  significantly  correlated  with  voiding  efficiency  in  only 
the  trained  group  (p=.004,  r=  -.946,  r2=.895). 

In  the  current  groups  of  46  rats,  CMG  as  collected  while  awake  (urethane  anesthesia  used 
previously).  The  only  measure  where  a  significant  difference  was  found  was  for  the  MAC  (data 
summarized  in  Table  7),  which  was  significantly  higher  for  the  non-trained  relative  to  the  trained 
groups  combined  and  the  non-injured  groups.  The  voiding  efficiencies  were  not  different,  but  many 
reached  100%  levels.  These  efficiency  values  are  much  different  than  what  was  seen  previously  and 
are  likely  due  to  the  measurements  being  done  in  the  awake  state,  a  potential  reason  for  the 
variability  in  the  data.  Factors  that  may  be  interfering  with  the  measures  include  potential 
supraspinal  influences  as  these  injuries  are  incomplete  contusions,  although  we  found  no  correlations 
between  voiding  efficiency  and  white  matter  volume  sparing.  To  address  these  unexpected  findings, 
the  cystometry  measure  for  a  subset  of  rats  from  the  last  two  groups  were  done  first  without 
anesthesia  (as  the  previous  three  sets)  but  then  immediately  repeated  under  light  urethane  anesthesia 
(0.4  g/kg)  prior  to  termination  for  tissue  retrieval.  Data  collected  from  12  rats  revealed  several 
significant  effects  of  anesthesia,  including  a  13.7%  decrease  in  voiding  efficiency,  a  36.7%  decrease 
in  MAC,  a  23.4%  decrease  in  peak  pressure,  and  a  39.9%  increase  in  intercontraction  interval  (no 
significant  effects  on  base  pressure  and  contraction  time).  These  finding  explain  the  likely 
differences  between  our  values  measured  in  our  previous  study,  which  used  a  full  1 .2  g/kg  dose  of 
urethane.  Moving  forward,  light  anesthesia  seems  to  be  ideal,  as  too  deep  a  dose  may  suppress  the 
CMG  measures  too  much  and  in  the  awake  state,  there  are  likely  other  factors  in  play,  including 
moving  artifacts  and  potential  variability  based  on  degree  of  incompleteness  of  lesions. 
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Table  7:  CMG  Data  Summary 


Forelimb  Trained 


Voiding 

Bladder 

Base. 

Peak 

DOD 

MAC  (mmHg) 

ICI (sec) 

CT  (sec) 

Effic. 

wgt 

mmHg 

Press. 

3 

20.50 

218.10 

18.52 

97.36 

0.31 

3.80 

30 

6 

23.00 

109.30 

15.30 

48.22 

0.15 

17.25 

50.00 

9 

17.60 

23.52 

15.68 

88.65 

0.22 

17.50 

57 

13 

16.40 

114.06 

12.34 

100.00 

0.28 

3.80 

24 

20 

25.60 

118.20 

18.40 

97.38 

0.35 

5.80 

48 

22 

18.83 

72.43 

11.57 

87.92 

0.22 

6.00 

28 

24 

19.29 

106.64 

11.47 

68.03 

0.19 

31.28 

62 

26 

31.20 

74.20 

18.00 

76.85 

0.26 

16.00 

51 

27 

16.00 

186.80 

15.60 

100.00 

0.33 

13.00 

38 

35 

20.17 

64.83 

6.67 

89.33 

0.27 

28.00 

56 

36 

19.33 

67.87 

8.63 

83.06 

0.24 

21.00 

44 

43 

48.00 

32.49 

19.23 

84.91 

0.23 

18.71 

69 

59 

15.73 

23.54 

10.37 

100.00 

0.40 

9.64 

27 

61 

12.80 

204.52 

13.08 

87.67 

0.36 

10.40 

27 

62 

17.38 

104.38 

10.38 

77.49 

0.42 

12.38 

37 

66 

18.13 

44.51 

10.99 

90.25 

0.25 

15.25 

37 

21.25 

97.84 

13.51 

86.07 

0.28 

14.36 

42.8 

Quad  Trained 

2 

29.00 

41.02 

34.82 

70.90 

0.13 

10.00 

43 

7 

24.40 

21.00 

14.10 

77.31 

0.09 

29.00 

57 

10 

15.33 

225.83 

23.17 

100.00 

0.28 

10.40 

31 

12 

21.60 

58.14 

15.26 

61.41 

0.23 

4.00 

37 

14 

19.00 

139.54 

22.40 

93.63 

0.28 

3.80 

32 

15 

13.73 

115.63 

11.37 

86.54 

0.32 

3.60 

21 

21 

19.71 

40.40 

12.17 

96.36 

0.27 

6.86 

29 

23 

18.50 

136.60 

20.07 

100.00 

0.38 

4.33 

28 

28 

29.40 

117.10 

12.30 

81.33 

0.27 

14.50 

46 

29 

27.43 

39.30 

13.70 

91.52 

0.25 

14.33 

45 

31 

33.67 

116.17 

20.17 

89.67 

0.25 

14.40 

52 

44 

34.00 

46.51 

15.87 

98.02 

0.27 

16.00 

54 

51 

24.67 

92.68 

13.52 

100.00 

0.22 

19.83 

51 

56 

23.17 

119.67 

8.50 

100.00 

0.37 

17.67 

46 

64 

17.75 

135.14 

10.61 

58.46 

0.25 

13.25 

46 

67 

13.63 

58.35 

11.65 

83.27 

0.27 

9.75 

27 

22.81 

93.94 

16.23 

86.78 

0.26 

11.98 

40.3 

Non-T rained 

4 

20.20 

101.98 

17.14 

95.83 

0.27 

9.75 

32 

5 

49.00 

118.95 

18.83 

72.49 

0.19 

44.80 

111.00 

8 

32.71 

169.87 

24.84 

100.00 

0.26 

12.17 

52 

15 


11 

26.20 

40.50 

12.30 

69.71 

0.27 

10.75 

46 

16 

17.00 

122.67 

12.83 

83.61 

0.28 

6.20 

25 

17 

17.40 

243.12 

12.88 

93.67 

0.44 

4.00 

27 

18 

20.80 

121.58 

15.82 

97.25 

0.36 

10.60 

37 

30 

33.67 

114.48 

19.52 

99.54 

0.25 

15.60 

56 

32 

23.33 

160.57 

18.10 

89.33 

0.24 

15.40 

44 

34 

29.40 

48.54 

13.26 

83.54 

0.27 

28.25 

60 

42 

38.50 

67.20 

16.38 

100.00 

0.26 

16.00 

61 

57 

29.25 

101.06 

7.81 

87.31 

0.62 

10.38 

48 

58 

25.86 

55.03 

11.54 

96.22 

0.30 

13.86 

46 

60 

18.88 

145.38 

10.88 

99.28 

0.27 

9.25 

38 

27.30 

115.07 

15.15 

90.56 

0.30 

14.79 

48.8 

Non-lnjured 

38 

22.67 

91.43 

7.23 

96.50 

0.19 

14.00 

43 

39 

22.83 

34.40 

7.93 

97.70 

0.15 

19.00 

50 

52 

20.25 

130.33 

16.93 

90.11 

0.17 

16.50 

42 

53 

16.83 

139.57 

13.83 

96.37 

0.20 

15.00 

38 

54 

21.67 

134.58 

18.42 

82.73 

0.17 

17.17 

53 

55 

13.80 

69.20 

9.40 

80.99 

0.17 

18.20 

38 

56a 

13.33 

40.53 

11.97 

89.83 

0.18 

16.17 

32 

19.71 

89.09 

11.70 

91.67 

0.17 

17.30 

44.5 

5)  EMG:  The  EMG  of  SOL  and  TA  hind  limb  muscles  were  analyzed  during  a  cystometrogram 
a)  during  standing  (restricted  movement)  to  assess  urological  induced  reflexes  in  the  locomotor 
system  and  2)  while  stepping  on  the  treadmill  to  assess  impact  of  a  full  bladder  and  voiding  on 
locomotor  induced  reflexes.  Data  has  been  compiled  to  date  for  18  of  the  46  rats  (36  per  group). 
These  measurements  are  time-consuming  and  require  many  hours  for  each  recoding.  The  EMG 
for  average  amplitude  and  peak  amplitude  of  firing  has  been  compiled  for  the  stand  event  for  the 
initial  18  rats  (EMG’s  during  stepping  for  this  group  is  still  being  analyzed).  The  peak  amplitude 
data  for  each  hindlimb  muscle,  tibialis  anterior  (TA;  dorsiflexion  of  foot)  and  soleus  (Sol;  plantar 
flexion)  are  presented  in  Table  8.  For  stand,  the  left  and  right  sides  are  averaged  for  each  muscle 
and  all  the  amplitudes  are  means  of  2  to  3  voids  (on  average  -  dependent  on  the  number  of  voids 
the  animal  had  during  filling).  The  differences  in  EMG  amplitude  and  peak  amplitude  between 
pre-void  (full  bladder)  and  immediately  post-void  were  calculated  (two  far  right  columns  in 
Table  8).  There  were  no  differences  found  in  TA  or  Sol  EMG  activity  for  mean  amplitude  for 
any  of  the  groups.  There  was  however  a  trend  toward  significance  (should  reach  significance 
when  all  animal  data  is  compiled)  for  peak  amplitude.  Specifically,  the  peak  amplitude  of  EMG 
activity  was  higher  prior  to  the  void  (when  bladder  was  full)  than  after  the  void  for  the  non- 
trained  and  forelimb  trained  groups  but  not  the  quadrupedal  trained  group.  These  results,  if  they 
hold  up  when  all  the  rats  are  added,  would  indicate  that  during  standing,  there  is  greater  hindlimb 
muscle  firing  with  a  full  bladder,  indicative  of  spasm-like  activity,  which  is  alleviated  only  with 
locomotor  training. 
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Table  8:  EMG  Data  Summary 

Peak  Amplitude  (mV)  Standing  (Event  D) 


DOD# 

TA  full 

SOL  full 

TA  Void 

SOL  Void 

TA  post 

SOL  post 

Pre  -  Post 

Pre  -  Post 

bladder 

bladder 

void 

void 

TA 

Sol 

7 

175.1 

1655.2 

117.8 

1495.1 

163.3 

1660.1 

11.8 

-4.9 

29 

348.4 

1300.3 

354.9 

1306.4 

291.4 

1242.4 

57 

57.9 

44 

735.9 

877.3 

938.0 

867.6 

1102.4 

1029.0 

-366.5 

-151.7 

56 

754.5 

1032.7 

354.7 

1045.3 

589.2 

1149.4 

165.3 

-116.7 

64 

241.1 

723.9 

124.0 

695.9 

117.5 

726.4 

123.6 

-2.5 

67 

496.8 

1470.4 

200.4 

1174.9 

290.9 

1370.4 

205.9 

100 

458.6 

1176.7 

348.3 

1097.5 

425.8 

1196.3 

32.85 

-19.65 

27 

288.3 

728.7 

61.6 

321.2 

296.4 

655.5 

-8.1 

73.2 

43 

293.6 

154.5 

204.4 

164.7 

192.5 

139.0 

101.1 

15.5 

59 

417.5 

738.6 

143.5 

629.8 

125.1 

620.0 

292.4 

121.6 

61 

406.1 

1024.9 

463.0 

955.8 

322.2 

807.9 

83.9 

217 

62 

1151.6 

827.1 

521.4 

354.4 

372.7 

529.8 

779 

297.3 

66 

442.9 

1335.8 

212.2 

1301.9 

162.7 

1198.7 

280.1 

137.1 

500.0 

801.6 

267.7 

621.3 

245.3 

658.5 

254.7333 

143.6167 

5 

925.5 

637.9 

734.9 

658.4 

758.2 

654.9 

167.3 

-17 

32 

995.6 

2099.4 

350.0 

2067.2 

770.0 

1915.1 

225.6 

184.3 

42 

437.6 

1655.5 

286.3 

1352.2 

275.5 

1310.5 

162.1 

345 

57 

290.6 

819.1 

167.9 

790.6 

136.5 

695.3 

154.1 

123.8 

58 

430.4 

1279.3 

219.5 

1074.3 

430.8 

1314.1 

-0.4 

-34.8 

60 

903.7 

1156.6 

390.6 

1090.0 

255.7 

1072.0 

648 

84.6 

663.9 

1274.7 

358.2 

1172.1 

437.8 

1160.3 

226.1167 

114.3167 

6)  Lower  urinary  tract  assessment  (urinary  bladder): 

a)  Collagen  and  Elastin:  The  bladder’s  extracellular  matrix  components  largely  detennine  its 
mechanical  properties.  In  particular,  collagen  and  elastin,  two  major  connective  tissue  proteins, 
provide  tensile  strength  and  elasticity.  Furthermore,  the  ratio  of  elastin: collagen  has  been 
suggested  to  be  directly  responsible  for  the  mechanical  changes  of  the  bladder  wall  of  SCI  rats 
(5).  Data  to  date  from  bladder  tissues  just  processed  for  the  first  three  groups  (Table  9)  indicate  a 
significant  decrease  in  the  non-trained  SCI  group  relative  to  naives,  indicating  a  benefit  for  both 
trained  groups.  These  differences  are  despite  a  nearly  doubling  of  the  wet  weight  of  the  bladders 
for  all  the  SCI  groups.  According  to  one  published  study  that  used  a  complete  transection  model 
(5),  the  increased  elastin  reflects  over-distension  and  the  higher  elastin: collagen  ratio  (non- 
trained  SCI  group  only)  is  indicative  of  a  stiffening  of  the  bladder  wall.  This  ratio  has  been 
shown  to  have  a  strong  correlation  with  bladder  wall  tissue  mechanical  properties,  which  the 
current  findings  suggest  improve  toward  normal  values  with  step  training  and  general  exercise. 
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Table  9:  Bladder  levels  of  Collagen  and  Elastin 


Collagen 

Elastin* 

Elastin:Collagen 

DOD# 

HB/lOmg 

Ratio 

Quad 

2 

7.418 

0.7102 

14 

6.135 

0 

15 

8.243 

1.682 

23 

6.017 

1.356 

31 

15.603 

3.826 

8.683 

1.515 

0.1745 

Forelimb 

3 

4.118 

1.249 

6 

7.016 

0 

20 

10.463 

0.207 

26 

4.918 

4.88 

35 

9.613 

0 

36 

9.571 

0 

7.616 

1.056 

0.1387 

Non- 

Trained 

4 

4.971 

5.174 

11 

8.112 

5.945 

16 

4.488 

0 

18 

6.133 

0 

30 

7.018 

0 

34 

5.06 

2.457 

5.964 

2.263 

0.3794 

Naive 

37 

7.174 

0 

38 

2.683 

0 

39 

3.118 

0 

52 

10.451 

1.703 

53 

1.888 

2.902 

54 

3.488 

0 

55 

14.975 

0 

6.254 

0.658 

0.1052 

*  0  indicates  too  small  to  detect 

b)  NGF,  BDNF,  and  NT-3  :  Bladder  tissue  was  analyzed  for  NGF  mRNA  using  real-time  PCR 
for  an  initial  group  of  15  rats.  We  chose  to  examine  this  neurotrophin  first  because  previous 
reports  have  shown  that  NGF  is  upregulated  in  the  bladder  following  SCI  and  is  highly 
associated  with  bladder  dysfunction.  NGF  delivery  causes  bladder  afferents  to  become  hyper- 
excited  and  results  in  detrusor  hyperreflexia  (6),  while  NGF  removal,  via  antibody  treatment,  has 
been  shown  to  relieve  detrusor  hyperreflexia  and  detrusor-sphincter  dyssynergia(7,  §).  Our 
results  thus  far  for  the  most  recent  groups  of  rats  (Table  10)  are  consistent  with  these  previous 
studies  and  our  recent  published  data  from  the  initial  groups  of  rats  (4)  which  indicate  for  the 
first  time  that  the  post-SCI  NGF  levels  in  bladder  can  be  affected  by  locomotor  training  as  well 
as  general  exercise  (forelimb  trained  group). 
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Table  10:  NGF  mRNA  in  Bladder  of  SCI  male  rats. 


Step  Trained 

F  orelimb-trained 

#  rats 

4 

2 

Fold  Changes* 

4.1  fold  decrease 
from  Non-trained 
(n=5)  levels 

3.6  fold  decrease  from 
Non-trained  (n=5)  levels 

*qRT-PCR  in  bladder  normalized  to  (3-actin  &  relative  to  uninjured 


control  bladder  samples  (n=4). 

7)  Upper  urinary  tract  assessment  (re  Kidney  function):  In  addition  to  tissue  retrieval  of  the 
bladder  and  spinal  cord,  we  also  removed  the  kidneys  to  assess  upper  urinary  tract  function.  The 
literature  is  quite  sparse  with  regards  to  assessing  kidney  function  following  SCI  (we  found  one 
paper  (9)).  Detrusor-sphincter  dyssynergia  with  chronic  injury  leads  to  over-distention  and  high 
bladder  pressures  which  can  cause  vesico-ureteric  reflux  into  the  kidney  leading  to  repeated 
upper  tract  infections  and  pyelonephritis.  Given  the  importance  and  limited  knowledge  of  the 
effects  of  SCI  on  the  upper  urinary  tract,  the  first  part  of  the  current  study  assessed  the 
expression  of  two  proteins  in  the  kidneys  of  SCI  male  rats  (T9  contusion)  relative  to  surgical 
sham  controls  whose  presence  are  indicative  of  tissue  stress  or  damage  (TGFP  and  CD1  lb).  The 
second  part  examined  the  impact  of  two  therapeutic  rehabilitation  strategies  used  clinically,  60 
minutes  of  step  training  and  general  exercise  (forelimb  training)  on  these  protein  levels  relative 
to  non-trained  SCI  controls.  Western  blots  revealed  a  significant  decrease  in  the  expression  of 
TGFP  and  a  significant  increase  in  CD1  lb  in  kidney  tissues  following  SCI  (Figure  7).  With  both 
types  of  training  for  60  minutes,  TGFP  but  not  CD1  lb  expression  returned  to  nonnal  levels 
(Figure  8).  The  normalization  of  TGFP  levels  with  training  indicates  an  additional  benefit  of 
exercise  for  renal  health. 


Sham  Injured 


TGFP  (25  KDa) 
P-actin  (45  KDa) 


Sham  Injured 


— 

— > 

CDllb(160  KDa) 
4 —  P-actin  (45  KDa) 


1.2 


* 


Sham  Injured 

Non-trained  Injured 


Sham  Injured 


Non-trained  Injured 


Figure  7.  Expression  of 
TGFP  (left)  and  CD  lib 
(right)  in  the  kidney  of 
surgical  sham  and  SCI 
male  rats.  Representative 
blots  are  at  the  top  and  the 
mean  data  are  graphed  at 
the  bottom.  *  indicates 
significant  difference 
(p<.05);  error  bars  are 
standard  deviation  from 
the  mean.  The  optical 
density  units  of  TGFP  and 
CD1  lb  bands  were 
normalized  after  division 
with  respective  optical 
density  levels  of  beta  actin 
(P-actin  45kDa  band). 
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Figure  8.  Both 
forelimb  and 
quadrupedal  training 
groups  (FLT  and  Q, 
respectively)  showed 
similar  expression  of 
TGFfl  in  the  kidneys 
as  the  sham  group  (A 
&  B).  Expression  of 
CD1  lb  was 
significantly  higher 
relative  to  shams  for 
all  SCI  groups, 
regardless  of  training 
(NT  =  non-trained;  A 
&  C).  *  indicates 
significant  difference 
(p<.05);  error  bars  are 
standard  deviation 
from  the  mean. 


Key  Research  Accomplishments 

•  Metabolic  cage  voiding  data  indicate  a  reversal  of  SCI-induced  increase  in  urine 
production  (Figures  1  and  2)  with  60  (Figure  5)  but  not  30  (Table  1)  minutes  of  daily 
step-training  as  well  as  60  minutes  of  exercise  (forelimb  group;  Figure  5). 

•  Initial  EMG  data  are  trending  toward  a  reduction  of  the  increase  in  peak  amplitude  of 
firing  of  hindlimb  muscles  (Tibialis  Anterior,  Soleus)  with  a  full  versus  a  post-void 
bladder  in  the  step-trained  but  not  the  forelimb  or  non-trained  group  of  rats,  additional 
evidence  of  the  interaction  between  the  locomotor  and  bladder  neural  circuitries. 

•  Initial  assessments  of  the  bladder  tissue  itself  for  the  ratio  of  elastin-to-collagen 
(increased  ratio  of  these  connective  tissue  proteins  post-SCI  indicates  a  change  in 
mechanical  properties  resulting  from  a  stiffening  of  the  bladder  wall)  indicate 
nonnalized  values  for  both  trained  groups  (step  and  forelimb)  but  not  the  non-trained 
group  relative  to  non-injured  controls  (naive  group). 

•  Initial  assessments  of  the  bladder  tissue  itself  for  neurotrophin  content  (increased 
levels  of  NGF  post-SCI  is  associated  with  bladder  hyperreflexia  and  detrusor- 
sphincter  dyssynergia)  indicate  nonnalized  values  for  both  trained  groups  (step  and 
forelimb)  but  not  the  non-trained  group  relative  to  non-injured  controls  (naive  group). 

•  Data  from  experiments  examining  tissue  from  the  upper  urinary  tract  (kidney)  reveal 
another  potential  benefit  of  step-training  and  exercise  in  general  post-SCI  (i.e., 
nonnalized  values  of  TGF(3,  a  factor  important  in  the  regulation  of  the  immune 
system). 
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Conclusions 


When  the  initial  experimental  data  and  the  most  recent  data  analyzed  to  date  are  combined,  the 
results  indicate  a  positive  benefit  of  both  step-training  and  general  exercise  to  the  lower  urinary 
tract,  with  a  potential  benefit  to  the  upper  urinary  tract  as  well.  Benefits  to  urological  health 
could  translate  to  a  reduction  in  night-time  catheterization,  increased  bladder  compliance  and 
capacity,  reduced  leg  spasms  with  a  full  bladder,  and  decreased  risk  for  frequent  urinary  tract 
infection.  A  human  study  is  now  underway  that  is  examining  the  impact  of  step  training  and  arm- 
crank  training  (equivalent  to  forelimb  trained/general  exercise  group)  on  urogenital  function  with 
outcome  measures  that  include  urodynamics,  bladder  diaries,  EMG  of  the  leg  muscles,  and 
urinary  biomarkers  for  neurotrophins.  Future  experiments  include  examining  the  effects  of 
combining  both  step  training  and  epidural  stimulation  (human  studies  underway;  animal  study 
pending,  which  will  also  target  several  underlying  mechanisms  that  cannot  be  tested  in  humans). 
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Novel  Multi-System  Functional  Gains  via  Task  Specific 
Training  in  Spinal  Cord  Injured  Male  Rats 
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Abstract 

Locomotor  training  (LT)  after  spinal  cord  injury  (SCI)  is  a  rehabilitative  therapy  used  to  enhance  locomotor  recovery. 
There  is  evidence,  primarily  anecdotal,  also  associating  LT  with  improvements  in  bladder  function  and  reduction  in  some 
types  of  SCI-related  pain.  In  the  present  study,  we  determined  if  a  step  training  paradigm  could  improve  outcome 
measures  of  locomotion,  bladder  function,  and  pain/allodynia.  After  a  T10  contusive  SCI  trained  animals  (adult  male 
Wistar  rats),  trained  animals  began  quadrupedal  step  training  beginning  2  weeks  post-SCI  for  1  h/day.  End  of  study 
experiments  (3  months  of  training)  revealed  significant  changes  in  limb  kinematics,  gait,  and  hindlimb  flexor-extensor 
bursting  patterns  relative  to  non-trained  controls.  Importantly,  micturition  function,  evaluated  with  terminal  transvesical 
cystometry,  was  significantly  improved  in  the  step  trained  group  (increased  voiding  efficiency,  intercontraction  interval, 
and  contraction  amplitude).  Because  both  SCI  and  LT  affect  neurotrophin  signaling,  and  neurotrophins  are  involved  with 
post-SCI  plasticity  in  micturition  pathways,  we  measured  bladder  neurotrophin  mRNA.  Training  regulated  the  expression 
of  nerve  growth  factor  (NGF)  but  not  BDNF  or  NT3.  Bladder  NGF  mRNA  levels  were  inversely  related  to  bladder 
function  in  the  trained  group.  Monitoring  of  overground  locomotion  and  neuropathic  pain  throughout  the  study  revealed 
significant  improvements,  beginning  after  3  weeks  of  training,  which  in  both  cases  remained  consistent  for  the  study 
duration.  These  novel  findings,  improving  non-locomotor  in  addition  to  locomotor  functions,  demonstrate  that  step 
training  post-SCI  could  contribute  to  multiple  quality  of  life  gains,  targeting  patient-centered  high  priority  deficits. 

Key  words:  allodynia;  bladder  cystometry;  exercise;  locomotion;  nerve  growth  factor 


Introduction 

Spinal  cord  injury  (SCI)  results  in  motor,  sensory,  and  auto¬ 
nomic  deficits.  Historically,  renal  failure  from  urinary  tract 
complications  was  the  leading  cause  of  death  for  persons  with  SCI.1 
Although  this  has  changed,  today  urological  complications  are 
responsible  for  most  clinical  conditions  and  hospital  readmissions 
for  patients  with  SCI,2  who  are  about  1 1  times  more  likely  to  die 
from  diseases  of  the  urinary  system  than  non-injured  persons.3 
Daily,  frequent  bladder  management  is  needed  to  avoid  and  control 
incontinence,  bladder  overdistention,  vesicoureteral  reflux,  pyelo¬ 
nephritis,  lower  urinary  tract  infections,  cystitis,  high  intravesical 
pressures,  and  autonomic  dysreflexia.4  Bladder  dysfunction  ranks 
as  a  top  disorder  affecting  quality  of  life  post-SCI.5  6 

Post-SCI  pain  is  also  a  major  concern  of  persons  with  SCI.  Pain 
prevalence  is  estimated  at  around  8 1  %  of  persons  with  SCI,  4 1  %  of 
whom  are  categorized  as  having  at-level  neuropathic  pain  accord¬ 
ing  to  the  International  Association  for  the  Study  of  Pain.7  Persons 
with  SCI  with  at-level  neuropathic  pain  and  incomplete  SCI  more 


frequently  experience  allodynia,  pain  evoked  by  a  non-noxious 
stimulus.83’  Pain  affects  patients’  ability  to  sleep,  work,  and  par¬ 
ticipate  in  daily  activities.10  Many  treatments  of  post-SCI  pain  in¬ 
volve  medication,  but  lasting  effectiveness  remains  elusive.11 
Physical  therapy  strategies  and/or  regular  activity/exercise  are 
regularly  used  for  treatment  of  pain  and  are  consistently  perceived 
by  patients  with  SCI  as  one  of  the  most  helpful  and  effective 
treatments.11,12 

Locomotor  training  (LT)  is  emerging  as  a  safe  and  effective 
therapy  for  post-SCI  motor  deficits.  LT  was  first  developed  based 
on  animal  studies  of  task  specific  stepping  after  spinal  transection 
indicating  that  the  mammalian  spinal  cord  can  perform  a  motor  task 
based  on  interpretation  of  afferent  inputs  in  the  absence  of  su¬ 
praspinal  control.13-18  To  date,  LT  studies  have  focused  on  motor 
performance  outcomes,  such  as  muscle  electromyography,  gait 
analysis,  kinematics,  balance,  and  distances  walked. 

Case  studies  have  documented  bladder  and  sensory  function  re¬ 
covery  because  of  LT  strategies,19'20  but  potential  effects  of  LT  on 
changes  in  non-locomotor  functions  have  yet  to  be  systematically 
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studied.  Our  goal  was  to  determine  if  step  training  could  improve 
not  only  locomotor  functions,  but  also  non-locomotor  functions 
(bladder  function  and  at-level  allodynia)  using  a  severe  contusion 
model  of  SCI  in  the  male  rat. 

Methods 

All  animal  procedures  were  performed  according  to  the  National 
Institutes  of  Health  guidelines  and  the  protocols  reviewed  and  ap¬ 
proved  by  the  Institutional  Animal  Use  and  Care  Committee  at  the 
University  of  Louisville,  School  of  Medicine.  Sixteen  male  Wistar 
rats  (Harlan  Sprague  Dawley,  Inc,  Indianapolis,  IN)  approximately 
60  to  70  days  old  weighing  160  to  180  g  were  individually  housed  in 
an  animal  room  with  a  12-hour  light  and  dark  cycle.  Animals  were 
randomly  divided  into  two  equal  groups  pre-training.  One  group 
(n  =  8)  was  quadrupedally  trained  lh  daily  for  12  weeks  and  a 
second  group  (n  =  8)  served  as  non-trained  controls.  Observers  were 
kept  blind  to  the  group  assignment,  and  baseline  behavioral  and 
functional  assessment  measurements  were  obtained  for  both  groups 
for  comparison  with  measurements  during  the  13-week  post-SCI 
experiment  period  (see  Fig.  1  timeline). 

Surgical  procedures 

Placement  of  electrodes  for  hindlimb  electromyogra¬ 
phy.  After  a  1  week  acclimation  period  and  gentling,  animals  were 
equipped  with  electromyography  (EMG)  head  plugs  and  EMG 
electrodes  1  week  before  SCI.  Briefly,  animals  were  anesthetized 
with  a  mixture  of  ketamine  (80  mg/kg  body  weightt;  Fort  Dodge 
Animal  Health,  Fort  Dodge,  IA)  and  xylazine  (10  mg/kg  body 
weightt;  Akom  Inc,  Decatur,  IL)  injected  intraperitoneally.  The  area 
covering  the  skull,  left  hindlimb,  and  back  were  shaved  and  cleaned 
with  antiseptic  solution.  Incisions  were  made  in  the  skin  over  the 
skull  between  the  ears  and  the  hindlimb  regions  above  the  target 
muscles.  After  exposure  of  the  skull  surface  by  removing  fascia  and 
connective  tissue,  the  skull  was  gently  scored  with  a  scalpel  blade, 
and  holes  were  carefully  drilled  to  allow  for  the  placement  of  three 
small  screws  (Small  Parts,  Inc.,  Logansport,  IN).  Dental  cement 
(Teets  “cold  cure"  methyl  methacrylate.  Diamond  Springs,  CA)  was 
used  to  secure  the  head  plug  with  9  wires  (12  inches  of  Cooner  wire 
on  each  channel)  to  the  skull  surface.  The  electrode  wires  from  the 
head  plug  were  subcutaneously  tunneled  from  the  skull  to  the  left 
hindlimb.  Warm  sterile  saline  was  continuously  applied  to  each 
muscle  throughout  the  surgety  to  prevent  drying. 

Approximately  1  mm  of  insulation  was  stripped  from  the  ends  of 
the  wires  before  insertion  into  the  muscle  bellies  of  the  left  vastus 
lateralis  (VL),  semitendinosus  (ST),  soleus  (SOL),  and  tibialis 
anterior  (TA)  muscles  using  a  23-gauge,  1  inch  needle.  Each 


muscle  was  back  stimulated  with  an  Isolated  Pulse  Stimulator 
(A-M  Systems,  Model  2100)  to  ensure  that  it  contracted.  Con¬ 
nective  tissue  was  sutured  with  5-0  chromic  gut,  and  the  skin  closed 
with  4-0  Ethilon  (Butler  Schein,  Dublin,  OH). 

Spinal  cord  injuries.  One  week  after  EMG  implants,  animals 
were  re-anesthetized  with  a  ketamine/xylazine  mixture.  Body 
temperatures  were  maintained  at  36-37°C  on  a  heating  pad  until  the 
animal  recovered  from  the  anesthetic.  The  spinal  cord  was  exposed 
by  a  laminectomy  of  the  T9  vertebra,  which  overlies  the  T10  por¬ 
tion  of  the  spinal  cord.21  The  Infinite  Horizon  impactor  device 
(Precision  Systems  and  Instrumentation,  LLC;  Fairfax  Station,  VA) 
was  used  to  make  a  210  kilodyne  contusion  injury.22  The  rostral  and 
caudal  sections  of  vertebrae  (T8  and  T10)  were  secured  during 
impaction  using  stabilizing  forceps.  The  musculature  and  subcu¬ 
taneous  tissue  was  sutured  closed  (Ethicon  4-0  non-absorbable 
surgical  suture),  and  Michel  clips  were  used  to  close  the  skin. 
Animals  were  hydrated  with  5%  dextrose  lactated  Ringer  (5  mL/ 
lOOg,  subcutaneously).  All  animals  were  cared  for  three  times  a 
day  to  express  bladders,  inspect  wounds,  note  changes  in  an  ani¬ 
mal’s  general  condition,  and  clean  the  animals. 

Post-surgical  care.  Animals  were  given  subcutaneous  in¬ 
jections  of  an  analgesic,  buprenorphine  (Buprenex,  0.5  mg/kg, 
Butler  Schein,  Dublin,  OH)  for  analgesia  twice  a  day  for  2  days.  To 
prevent  possible  infections,  animals  were  also  given  0.5  mL  of  dual 
penicillin  (PenJect,®  The  Butler  Company,  Columbus,  OH)  single 
dose  perioperatively  as  a  general  prophylactic,  5  mg/kg  gentamicin 
(GentaFuse,®  Butler  Schein;  Dublin,  OH)  once  per  day  for  5  days  to 
prevent  bladder  infections. 

Transvesical  catheter.  After  the  last  training  session,  a 
transvesical  bladder  catheter  was  implanted  under  urethane  anes¬ 
thesia  (lg/kg).23  Animal  temperatures  were  maintained  with  a 
circulating  water-heating  pad.  The  bladder  was  exposed  via  a 
midline  abdominal  incision  through  skin  and  musculature.  A  purse¬ 
string  suture  (4-0  Ethilon)  was  placed  in  the  urothelium  of  the 
bladder  dome.  PE-60  tubing  (the  tip  previously  heated  to  form  a 
collar  ~  2  mm  from  the  end)  was  inserted  through  the  bladder  dome 
within  the  suture  limits  and  secured.  The  catheter  was  then  con¬ 
nected  to  an  infusion  pump  and  pressure  transducer. ~4 

Behavioral  procedures 

Training  paradigm.  Training  interventions  initiated  acutely 
post-SCI  may  be  detrimental  to  recovery  efforts  by  exacerbating 
secondary  injury  cascades25;  therefore  we  initiated  training  at 
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FIG.  1.  Timeline  of  experimental  design.  Locomotor  step  training  began  2  weeks  after  injury  following  the  protocol  shown  here  with 
varying  speeds.  Basso-Beattie-Bresnahan  (BBB),  at-level  allodynia,  and  below-level  thermal  testing  occurred  weekly  or  biweekly. 
Kinematics,  gait  analysis,  and  electromyography  (EMG)  were  collected  periodically.  Urodynamic  evaluation  was  performed  at  the 
terminal  experiment.  Trained  and  non-trained  rats  had  the  same  testing  at  all  time  points.  SCI,  spinal  cord  injury. 
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2weeks  post-SCI.  Because  we  know  the  spinal  cord  interprets  ve¬ 
locity  and  load,'6  our  training  paradigm  used  multiple  speeds 
within  each  session,  and  trainers  adjusted  the  body  weight  support 
as  needed.  In  addition,  animals  were  trained  quadrupedally,  which 
may  facilitate  locomotor  recovery  via  bidirectional  interlimb  co¬ 
ordination  through  neural  coupling,  much  as  arm  swing  is  coupled 
in  bipedal  human  locomotion.27  '8  The  quadrupedal  position  is 
distinctly  different  from  many  previous  studies  in  which  rats  are 
trained  in  an  upright/bigedal  position.  The  upright  position  itself 
can  improve  stepping.'9  Training  was  also  accomplished  with 
manual  assistance,  which  may  differ  from  robotic  assist  strategies 
and  is  discussed  elsewhere. 30-33  Lastly,  more  repetition  and  prac¬ 
tice  facilitates  training  efficacy34;  thus,  we  opted  for  hour-long 
sessions. 

Step  training  was  performed  on  the  Rodent  Robotic  Motor 
Performance  System  (Robomedica,  Inc.,  Irvine,  CA),  which  con¬ 
sisted  of  a  computer-controlled,  spring-actuated  body  weight  sup¬ 
port  (BWS)  mechanism.  At  the  start  of  every  session,  the 
Robomedica  device  was  initialized  and  the  BWS  set  to  zero.  Each 
individual  animal’s  body  weight  was  entered  into  the  computer  so 
that  the  BWS  arm  adjusted  the  load  appropriately  to  zero.  The 
animals  wore  Lycra®  vests  (Robomedica,  Inc.)  that  were  harnessed 
to  the  BWS  mechanism  arm  with  hook-and-loop  material. 

Trained  animals  engaged  in  quadrupedal  step  training,  begin¬ 
ning  2  weeks  after  SCI  surgery,  7  days  a  week,  58  min  per  day,  for  a 
total  of  81  sessions  using  a  three-tiered  training  approach.  The 
“warm-up  period,”  which  began  at  a  speed  of  10  cm/sec,  allowed 
rats  to  acclimate  to  the  robotic  system.  Gradually,  speeds  were 
increased  at  various  intervals  (14cm/sec,  18cm/sec,  and  22cm/ 
sec)  for  8  min.  Next,  the  animal  trained  at  an  “adaptability  speed” 
for  5  min,  which  was  the  best  pace  that  each  animal  achieved  proper 
plantar  placement — e.g.  complete  toe  extension,  no  ankle  rotation, 
and  incorporation  of  forelimb-hindlimb  coordination  with  minimal 
assistance.  Finally,  during  a  “retraining  period,”  the  animals  cy¬ 
cled  through  all  speeds  again,  with  the  majority  of  the  time  (30  min) 
spent  at  22  cm/sec  (Fig.  1). 

Quadrupedal  training  was  chosen  over  bipedal  training  to  en¬ 
gage  interlimb  coordination  through  any  residual  fibers  to  accom¬ 
plish  gains  in  overground  locomotion.  All  BWS  was  provided  as 
needed  using  manual  assistance  at  the  hip  flexor  region  by  the 
trainers  (no  BWS  was  provided  by  the  Robomedica  arm).  If  an 
animal  could  achieve  quality  steps  with  minimal  weight  support 
assistance,  this  support  was  provided  by  the  trainer  at  the  hip  flexor 
region  or  by  holding  the  tail.  Rats  were  encouraged  to  step  inde¬ 
pendently  as  they  began  to  gain  consistent  stepping  and  more  sta¬ 
bility  without  collapsing  and  dragging  their  hindlimbs.  It  was  noted 
that  occasional  flicking  of  the  tail  occurred  during  training,  and 
some  animals  tried  to  hold  their  tail  up  or  to  the  side  during  training, 
but  their  tail  was  down  in  the  home  cage.  Tail  position  is  accounted 
for  during  Basso-Beattie-Bresnahan  (BBB)  subscoring. 

Rats  were  not  required  to  complete  the  58  min  session  during  the 
first  week  of  training  if  they  exhibited  signs  of  stress — i.e.,  por¬ 
phyrin  staining  at  eyes  and  nose,  irregular  breathing,  or  excessive 
diarrhea.  All  trained  animals  were  able  to  complete  the  58  min  by 
10  sessions  (four  rats  did  not  complete  the  full  58  min  during  the 
first  week).  The  non-trained  group  was  not  exposed  to  the  treadmill 
system  except  during  EMG  and  kinematic  evaluation  sessions.  To 
minimize  differences  in  stress  and  handling,  the  non-trained  group 
was  handled  at  least  four  times  per  week  (sometimes  more).  Ani¬ 
mals  were  never  stimulated  to  step  by  perineum  or  tail  pinching. 
Noxious  stimuli  was  avoided  during  training  sessions — e.g.,  if  an 
animal  had  skin  abrasion  on  a  paw,  animals  ceased  from  training 
until  the  issue  was  resolved  (one  rat  for  3  days),  because  potentially 
noxious  input  may  inhibit  spinal  learning." 

At-level  allodynia.  Behavioral  testing  of  SCI  rats  for  sensi¬ 
tivity  to  normally  innocuous  stimuli  (touch  and  gentle  squeeze/ 
pressure)  was  performed  using  our  published  grading  scale  for  the 


scoring  of  pain-like  behavior  to  trunk  stimulation  in  the  rat.36  Le¬ 
vels  of  noise  and  other  distractions  were  kept  to  a  minimum.  All  test 
sessions  were  started  at  approximately  the  same  time  of  day  (9  AM 
before  the  start  of  training).  The  dorsolateral  trunk  (T7-T9  der- 
matomal  level)  just  above  the  T10  spinal  injury  level  was  tested 
bilaterally  for  at-level  mechanical  hypersensitivity  to  touch  and 
gentle  touch/squeeze.  Two  baseline  measurements  (at  least  3  days 
apart)  were  performed  before  injury  for  all  rats. 

The  top  of  the  cage  was  removed,  and  the  animal  was  allowed  to 
acclimate  to  the  environment  for  2  min.  Each  animal  was  stroked  at 
the  dorsolateral  trunk  five  times  bilaterally  with  an  interstimulus 
interval  of  1  min  between  sides  (while  in  its  cage)  with  a  No.  5 
paintbrush  (1.5x0. 5 cm  bristles;  average  pressure,  15 g)  in  an  al¬ 
ternating  rostral/caudal  plane.36  After  each  stroking  stimulus,  the 
presence/absence  of  any  evoked  responses  that  are  indicative  of 
pain  was  noted.  The  three  typical  evoked  pain-like  responses,  as 
observed  previously  with  both  noxious  stimulation  in  uninjured  rats 
and  touch  stimuli  in  SCI  rats  based  on  previous  studies,  1,37  were 
(1 )  a  freezing  response  (stopping  of  normal  activity  and  staying  still 
in  response  to  the  stimulus),  (2)  escape  (any  movement  of  the  an¬ 
imal  away  from  the  stimulus  probe),  and  (3)  grabbing  at  or  pushing 
away  the  stimulus  probe  with  their  forepaws.  It  has  been  shown  that 
these  evoked  responses  are  not  present  in  decerebrate  rats,  indi¬ 
cating  higher-order  processing.38  Therefore,  the  perception  of  pain 
is  likely  involved  with  these  responses.38 

In  addition,  head  orientation,  which  is  reflexive  in  nature 
(present  in  decerebrate  rats),  was  not  counted  as  an  evoked  pain¬ 
like  behavioral  response.38  An  animal  must  show  an  evoked  pain¬ 
like  behavioral  response  at  least  60%  of  the  time  in  a  given  session 
to  be  considered  responsive  to  the  testing  stimulus  (i.e.,  an  animal 
responded  to  at  least  three  of  five  stimuli/strokes  per  side).37  Re¬ 
sponses  to  brush,  if  present,  were  further  assessed  for  threshold 
values  using  a  set  of  Semmes-Weinstein  monofilaments  (20  fila¬ 
ment  set,  15  of  which  are  in  the  range  of  0.008  g  to  15  g;  Stoelting 
Co,  Wood  Dale,  IL).  Animals  designated  as  responders  to  brush 
(15  g  stimulus)  were  then  given  a  numeric  score  based  on  their 
associated  responses  to  filament  testing,  receiving  a  minimum  of  4 
(4  =  freeze,  5  =  escape,  6  =  grab/push — as  the  aggressiveness  of  the 
behavioral  response  increases,  so  does  the  score)  to  a  maximum  of 
10  (see  Hall  and  associates36  for  scoring  scale). 

The  Semmes-Weinstein  monofilaments  were  chosen  over  our 
Electro  Von  Frey  anesthesiometer  (IITC  Model  2390),  which  was 
not  very  sensitive  in  detecting  the  lower  range  of  forces.  Depending 
on  the  behavioral  response  of  the  animal  to  brush,  the  experimenter 
chose  an  appropriate  Semmes-Weinstein  monofilament  (usually 
mid-range)  so  as  not  to  overstimulate  and  sensitize  the  animal.  For 
example,  to  assist  in  this  procedure,  the  monofilaments  are  grouped 
into  sensitivity  ranges  based  on  the  manufacturer’s  specifications, 
where  green  coded  filaments  (0.008  g-0.07  g)  are  more  sensitive 
than  the  next  size  blue  coded  (0.16g-2.0g)  filaments.  An  initial 
filament  stimulus  was  applied  by  pressing  the  tip  of  the  filament 
into  the  dorsolateral  trunk  (T7-T9)  until  it  bent.  If  the  animal  re¬ 
sponded,  a  lower  gram  filament  was  applied  to  test  the  animal's 
sensitivity.  In  between  filament  probing,  the  animal  is  left  alone  for 
a  1  min  interstimulus  interval.  The  process  is  repeated  until  the 
lowest  gram  filament  that  the  animal  responds  to  60%  of  the  time  is 
determined.  If  the  animal  was  not  responsive  to  the  initial  probing 
stimulus,  the  next  greatest  gram  filament  (and  repeated  if  needed) 
was  used  to  determine  the  threshold  of  the  animal’s  sensitivity. 

For  those  animals  not  responsive  to  brush  stroke  (i.e.,  evoked 
pain-like  behavioral  response  to  less  than  60%  of  the  stimuli — less 
than  three  of  five  strokes),  a  gentle  squeeze/pressure  test  was 
conducted  to  determine  if  the  animal  had  increased  sensitivity  to  a 
stronger  mechanical  stimulus  over  a  wider  surface  area  (which  also 
normally  does  not  provoke  avoidance  behaviors  and  is  thus  con¬ 
sidered  innocuous).  In  this  instance,  the  animal’s  skin  is  gently 
squeezed  with  a  pair  of  modified  Adson  tissue  forceps  (2.0-mm- 
wide  tips),  which  is  equivalent  to  the  60  g  Semmes-Weinstein 
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monofilament.  Gentle  squeeze/pressure  was  applied  to  the  dorso¬ 
lateral  trunk  (T7-T9)  five  times  bilaterally,  with  an  interstimulus 
squeeze  interval  of  1  min.  As  with  touch-evoked  agitation,  any 
evoked  pain-like  responses  were  observed  and  documented  (0  =  no 
response,  1=  freeze,  2  =  escape,  3  =  grab/push). 

After  the  testing  session,  animals  were  scored  for  their  degree  of 
at-level  allodynia  based  on  a  10-point  scale,  with  10  being  the 
maximum  score  an  animal  can  receive.36  Scores  from  each  weekly 
testing  were  documented  for  each  animal  and  averaged  together  to 
obtain  a  mean  weekly  allodynia  score  for  each  group. 

Thermal  hyperalgesia.  Hindlimb  withdrawal  latency  to  an 
applied  heat  stimulus  was  measured  using  a  modified  Hargreaves’ 
method  as  described  previously.39  Briefly,  animals  were  placed  in 
individual  acrylic  enclosures  on  a  glass  plate,  which  was  situated 
over  a  light  box.  Animals  were  habituated  to  the  apparatus  1  week 
before  the  start  of  the  study.  Animals  were  allowed  to  acclimate  to 
their  environment  as  the  heat  source  warmed  to  a  constant  testing 
temperature  of  32°C  (20-30  min).  A  radiant  heat  stimulus  was  di¬ 
rected  onto  the  glabrous  surface  of  the  paw  (IITC  Life  Sciences 
Inc.,  Model  400,  Woodland  Hills,  CA).  The  tester,  positioned  in 
front  of  the  unit,  recorded  the  time  to  paw  withdrawal  in  response  to 
the  heat.  To  prevent  tissue  damage,  the  device  was  pre-set  for  a 
cutoff  time  (20  sec),  where  the  light  source  automatically  shut  off  if 
the  animal  did  not  respond.  Each  hindpaw  was  tested  five  times. 
Five  min  (minimum)  were  allowed  between  each  trial,  and  these 
measurements  were  then  averaged  for  each  limb  and  compared 
with  pre-injury  baseline  values. 

Locomotor  assessment.  The  BBB  scale,  an  open-field  lo¬ 
comotor  assessment,  was  used  to  evaluate  hindlimb  function  in  the 
rats.40  Once  per  week,  each  animal  was  placed  in  an  open  field  and 
tested  for  4  min  by  the  same  two  scorers,  who  were  presented  with 
the  trained  and  non-trained  animals  in  random  order.  Locomotor 
behavior  was  calculated  using  a  21 -point  scale,  which  rates  pa¬ 
rameters  such  as  individual  joint  movements  (0-7),  weight  support 
(8-13)  and  paw  placement  (14-21).  Intact  animals  demonstrate  a 
locomotor  score  of  21,  whereas  animals  that  exhibit  complete  pa¬ 
ralysis  of  the  hindlimbs  are  scored  as  0.  Animals  were  placed  in  the 
open  field  for  4  min  before  baseline  for  acclimation.  A  baseline 
measurement  was  collected  before  surgically  implanted  EMG 
electrodes.  A  second  baseline  was  collected  post-EMG  surgery  to 
ensure  no  damaging  effects  (all  animals  scored  21).  Weekly  testing 
was  assessed  after  SCI. 

Kinematic  and  EMG  data  acquisition.  All  trained  and  non- 
trained  animals  were  weighed  and  hindquarters  shaved.  The  bony 
landmarks  on  the  lateral  side  of  the  left  hindlimb  were  marked  with 
permanent  marker:  iliac  crest,  greater  trochanter,  lateral  malleolus, 
and  metatarsophalangeal  joint  (ilium,  hip,  ankle,  toe)  for  the  re¬ 
cording  of  locomotion.41  The  original  marks  were  placed  by  one 
person  to  avoid  interperson  variability  and  darkened  periodically  to 
maintain  accurate  recording  throughout  the  study. 

Before  the  testing  session,  the  Robomedica,  Labview,  and  Ki¬ 
nematic  systems  were  initialized  and  the  BWS  set  to  zero.  Animals 
were  then  put  in  the  harness  and  attached  to  the  robotic  arm  using 
Velcro  straps.  A  flexible  cable  was  connected  to  the  head  plug  for 
EMG  recording.  The  test  was  completely  unassisted — i.e.  each 
animal  stepped  without  any  help  from  the  trainer,  not  even  tail 
holding.  Kinematic  and  EMG  data  were  collected  while  the  animal 
took  10  unassisted  steps  at  22  cm/sec.  If  an  animal  failed  to  step,  a 
maximum  recording  session  of  2  min  was  captured.  Electro¬ 
myograms  of  all  muscles  were  recorded  simultaneously. 

Hindlimb  kinematic  recordings  were  acquired  at  30,  60,  and  80 
days  post-SCI  using  the  MaxTraq  motion  analysis  system  version 
2.4  (Innovision  Systems,  INC;  Columbiaville,  MI).  Two  cameras, 
positioned  on  the  left  side  of  the  animal,  were  used  to  capture  the 


angles.  The  iliac  crest,  hip,  ankle  (lateral  malleolus),  and  toe  were 
digitized,  and  the  hip-ankle-toe  (HAT)  and  iliac  crest-hip-ankle 
(IHA)  angles  were  marked.  Naive  rats’  locomotions  were  recorded, 
but  were  not  suitable  for  comparative  analysis  because  they  refused 
to  walk  while  harnessed  on  the  treadmill  or  even  within  a  Plexiglas 
chamber  surrounding  the  treadmill  with  a  sugared  cereal  reward. 

Kinematic  and  gait  data  analysis.  Using  the  MaxTraq  soft¬ 
ware,  a  three-dimensional  (3D)  compilation  was  made  from  the 
original  Audio  Video  Interleave  files,  and  the  IHA  (lateral  mal¬ 
leolus),  and  toe  (metatarsophalangeal  joint)  were  digitized.42  From 
the  3D  files,  stick  figures  and  angle-angle  plots  were  generated  and 
further  analyzed  in  Excel.  As  with  all  of  our  analysis,  assigned  file 
names  kept  the  experimenter  blind  (trained  vs.  non-trained).  HAT 
and  IHA  angles  were  analyzed  by  comparing  peak  flexion,  extension, 
and  excursions  (i.e.,  the  minimum,  maximum,  and  the  difference 
between  those  angles)  between  trained  and  non-trained  group  means. 

Stance  (the  time  between  contact  and  liftoff  of  the  left  foot), 
swing  (the  time  between  liftoff  and  contact),  step  duration  (the  time 
between  two  successive  left  foot  contacts),  and  steps/sec  were  an¬ 
alyzed  for  both  the  trained  and  non-trained  groups.  For  stance,  if  an 
animal  did  not  lift  the  paw  to  take  a  step,  the  maximum  score 
allowed  was  5  sec.  Swing  was  calculated  as  the  difference  between 
step  cycle  duration  and  stance.  These  parameters  are  represented  as 
box  plots  showing  the  75th  and  25th  percentiles  (  +  95th  and  5th 
percentiles)  at  22  cm/sec  where  the  dashed  line  is  the  mean  and  the 
solid  line  is  the  median  for  each  group.  Outliers  are  identified  with  a 
closed  circle. 

EMG  data  analysis.  EMG  data  were  collected  from  the  SOL, 
TA,  ST,  and  VL  muscles  using  two  8-channel  hardwired  systems 
(Neuralynx  Lynx-8,  Bozeman,  MT).  Data  were  digitally  sampled 
by  an  on-line  analog  to  digital  (A-D)  conversion  system  (National 
Instrument,  Austin,  TX)  at  2000  Hz  and  processed  by  custom- 
written  acquisition  software.  Burst  duration  (sec)  and  mean  burst- 
to-step  ratio  were  calculated  for  each  animal.43'44  To  calculate 
muscle  activation  amplitude,  integrated  mean  amplitude  (/tV.s) 
(which  is  less  sensitive  to  movement  artifacts)  was  used.  Mean 
values  were  compared  between  treatment  groups. 

Urodynamic  analysis  via  non-stop  transvesical  cysto¬ 
metry.  The  bladder  was  emptied,  and  the  initial  bladder  volume 
(mL)  was  recorded  before  the  start  of  the  experiment.  Physiologic 
saline  was  infused  into  the  bladder  at  a  rate  of  0.25  mL/min  to  evoke 
voiding  contractions.23  Urodynamic  data  (voiding  and  non-voiding 
events,  bladder  pressure)  and  experimenter  notes  were  recorded  on 
video  for  offline  playback  and  analysis  with  Datawave  software 
(www.dwavetech.com).  Voiding  efficiency  was  calculated  as  the 
percent  volume  voided  per  volume  saline  infused.  Residual  volume 
was  measured  directly  by  withdrawal  of  saline  through  the  catheter 
and  bladder  manipulation. 

Cystometrogram  (CMG)  parameters  are  the  mean  of  five  con¬ 
secutive  cycles  (which  were  sampled  approximately  15  min  after 
the  start  of  saline  infusion).  CMGs  were  analyzed  for  resting 
pressure  (mm  Hg),  maximal  amplitude  of  contraction  (mm  Hg; 
peak  pressure  minus  resting  pressure),  contraction  time  (sec),  and 
intercontraction  interval  (sec).  Cystometry  data  were  collected  for 
all  eight  non-trained  and  six  of  the  seven  trained  rats  (one  rat 
stopped  breathing  before  the  CMG  recording  and  was  immediately 
perfused  for  tissue  retrieval). 

Analysis  of  nerve  growth  factor  (NGF),  neurotrophin 
factor  3  (NT3),  and  brain-derived  neurotrophic  factor 
(BDNF)  in  the  bladder 

RNA  extraction  and  real-time  reverse  transcription  poly¬ 
merase  chain  reaction  (qRT-PCR).  The  whole  bladder  was 
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dissected  from  the  prostate,  blotted  dry,  weighed,  flash  frozen  in 
liquid  nitrogen,  and  stored  at  -80°C.  Samples  were  coded  until 
results  were  obtained.  The  following  procedures  were  performed 
according  to  the  manufacturer’s  instructions  and  similar  to  our 
previous  studies.45,46  RNA  was  extracted  with  TRIZOL  (Invitro- 
gen).  Quantity  and  quality  was  evaluated  via  a  Nanodrop  ND-1000 
spectrophotometer  (Nanodrop  Technologies).  RNA  samples  with 
260  nm/280  nm  ratios  above  1 .9  and  260  nm/230  nm  ratios  above 
1.8  met  quality  control  standards.  RNA  samples  were  DNase 
treated  with  TURBO  DNA-free  kit  (ABI)  to  eliminate  genomic 
DNA  contamination  followed  by  cDNA  synthesis  from  2  pg  RNA 
with  the  QuantiTect  Reverse  Transcription  Kit  (Qiagen). 

Four  potential  genes  (ACTb,  GAPDH,  18S,  and  RpI7a )  were 
screened  using  cDNA  from  the  bladders  of  SCI  trained,  SCI  non- 
trained,  and  naive  animals  to  identify  an  appropriate  control  that 
was  stable  throughout  each  condition,  and  ACTb  was  chosen  as  the 
best  normalizer  (least  variation  between  condition)  because  it  was 
not  affected  by  SCI  or  training.  Quantitative  real  time  PCR  was 
performed  in  triplicates  with  20  ng  cDNA  with  primers  for  NGF, 
BDNF,  NT3,  and  /I-actin  (ACTb,  reference  gene)  using  SYBR- 
Green  (Applied  Biosystems)  on  the  Rotorgene  real  time  cycler 
(Qiagen/Corbett  Research).  The  following  sequences  were  used: 
NGF  F,  5'-CAA  CAG  GAC  TCA  CAG  GAG  CA  3';  NGF  R,  5'- 
CAC  ACA  CGC  AGG  CTG  TAT  CT  3';  BDNF  F,  5'-GCC  ACA 
ATG  TTC  CAC  CA  3';  BDNF  R.  5'  CGT  TTG  CTT  CTT  TCA 
TGG  G  3';  NT3  F,  5'  TTC  TGC  CAC  GAT  CTT  ACA  GG  3';  NT3 
R,  5'  ACA  TCT  ACC  ATC  TGC  TTG  GAG  3';  ACTb  F,  5'-TGA 
CCC  AGA  TCA  TGT  TTG  AG  3';  ACTb  R,  5'-  CTC  TTT  AAT 
GTC  ACG  CAC  GA  3'. 

The  following  cycle  parameters  were  used:  incubation  at  95°C 
for  4  min  followed  by  40  cycles  of  95°C  for  12  sec  and  60°C  for 
30  sec.  A  melt  curve  was  performed  at  the  end  of  the  run  (ramp  from 
50  degrees  to  99  degrees)  to  confirm  specificity  of  amplification 
products.  Reaction  efficiency  between  primer  sets  were  accounted 
for  using  standard  curve  quantification.  Positive  control  cDNA  was 
prepared  from  embryonic  day  17  whole  rat  head.  No  reverse  tran¬ 
scriptase  and  no  template  served  as  negative  controls. 

Histology  of  lesion  epicenter.  Immediately  after  completion 
of  the  urodynamic  study,  animals  were  perfused  transcardially  with 
a  solution  of  physiologic  saline  and  heparin.  Spinal  cord  tissue 
containing  the  lesion  area  was  then  removed  and  immersed  in  4% 
paraformaldehyde  for  at  least  48  h,  followed  by  30%  sucrose/ 
phosphate  buffer  solution  with  1%  sodium  azide  for  at  least  24  h 


and  until  the  tissue  was  cut  transversely  on  the  cryostat  (Leica  CM 
1850).  The  tissue  was  sectioned  at  1 8-/rm  thickness  and  stained 
with  both  Luxol  fast  blue  and  cresyl  violet  (Kluver-Barrera 
method). 

Spot  Advanced  software  (Diagnostic  Instruments,  Sterling 
Heights,  MI)  and  the  Nikon  E400  microscope  were  used  to  obtain 
measurements  to  quantify  the  lesion  epicenter  (based  on  total  lesion 
area)  as  previously  described.36,47  Briefly,  white  matter  was  di¬ 
vided  into  four  regions  (dorsal  columns,  dorsolateral  funiculus, 
ventrolateral  funiculus,  and  the  ventromedial  funiculus)  as  well  as 
each  area  subdivided  into  left  and  right  sides.  The  central  canal, 
medial  edges  of  the  dorsal  horn,  and  the  tips  of  the  ventral  horn 
were  used  as  landmarks  for  the  divisions.  The  percent  of  white 
matter  sparing  (WMS)  was  determined  by  dividing  the  white  matter 
remaining  at  the  epicenter  by  the  average  area  of  white  matter 
present  in  more  intact  sections.  The  intact  area  of  white  matter  for  a 
given  region  was  estimated  by  averaging  together  measurements 
from  two  sections  2  mm  rostral  and  two  sections  2  mm  caudal  to  the 
epicenter. 

Statistics.  One  animal  was  excluded  from  the  trained  group 
because  of  (1)  poor  health  (inadequate  weight  gain  and  poor 
grooming/appearance  throughout  the  study)  and  (2)  during  terminal 
dissection,  a  black  granular  substance  (presumably  dried  blood) 
was  found  throughout  the  abdominal  cavity.  None  of  the  other 
animals  (trained  or  non-trained)  displayed  those  signs. 

Analysis  was  performed  using  SigmaStat,  IBM  SPSS,  and  Mi¬ 
crosoft  Excel.  The  Levene  test  for  inequality  of  variance  was  per¬ 
formed  to  test  equality  of  variance.  Repeated  behavioral  tests,  such 
as  BBB,  at-level  allodynia,  Hargreaves,  gait  analysis,  were  com¬ 
pared  between  the  treatment  groups  using  repeated  measures 
analysis  of  variance  (ANOVA)  (fixed  effects)  for  tests  of  within 
subject  and  between  subject  effects,  followed  by  Bonferroni  post- 
hoc  t  tests  with  a  significance  level  of p  <  0.05  (n  =  1  trained  vs.  n  =  8 
non-trained). 

Terminal  or  post-training  tests,  such  as  mean  angular  amplitudes 
(n  =  l  trained  vs.  n  =  8  non-trained),  electromyography  (n  =  3 
trained  vs.  n  =  5  non-trained;  all  animals  with  chronic  implants  that 
were  intact  for  the  study’s  4  month  duration),  cystometry  (n  =  6 
trained  vs.  n  =  8  non-trained;  one  animal  expired  before  CMG  re¬ 
cording),  and  qRT-PCR  (n  =  7  trained  vs.  n  =  8  non-trained)  results 
were  compared  with  unpaired  two  tailed  t  tests,  trained  vs  non- 
trained,  significance  level  p<0.05.  The  Pearson  correlation  and 
multiple  regression  analyses  (linear  regression,  enter  method,  two 


FIG.  2.  Bladder  nerve  growth  factor  (NGF)  mRNA  and  cystometry,  (a)  Percent  change  from  the  non-trained  mean  for  NGF  (fold 
change),  VE  (voiding  efficiency,  percent  volume  voided  per  volume  saline  infused),  MAC  (maximal  amplitude  of  contraction,  pressure 
in  mm  Hg),  and  ICI  (intercontraction  interval,  seconds).  Statistics  were  performed  on  the  means  of  each  parameter.  Mean  NGF 
significantly  decreased  and  mean  VE,  ICI,  significantly  increased  with  training,  (b)  Three-dimensonal  (3D)  relationship  between 
cystometry  measures,  (c,  d)  3D  relationship  between  NGF  and  cystometry  measures.  Significant  group  differences  were  detected  by 
group  using  multiple  regression  analysis. 
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cystometry  measures  with  NGF  or  voiding  efficiency  per  analysis) 
were  performed  on  select  cystometry  and  qRT-PCR  variables 
(significant  or  approached  significance).  All  values  reported  in  the 
manuscript  are  mean  ±  standard  deviation. 

Results 

Training  leads  to  improved  bladder  function 

A  1-h  daily  quadrupedal  step  training  regimen  using  manual 
trainer  assistance  was  initiated  at  2  weeks  post-contusion  injury  and 
continued  for  3  months  (Fig.  1).  Post-training,  non-stop  transvesi¬ 
cal  urodynamics  was  used  to  evaluate  voiding  parameters  in  all  rats 
with  SCI.  The  mean  voiding  efficiency  (percent  volume  voided/ 
volume  infused)  of  the  trained  group  was  significantly  greater  than 
non-trained  (Fig.  2a,  trained  39.78+17.72;  non-trained  22.29  + 
1 1.02,  p  =  0.042).  This  was  accompanied  by  a  significant  increase 
in  the  maximum  amplitude  of  bladder  contraction  (MAC,  pressure 
in  mm  Hg)  and  a  significantly  increased  intercontraction  interval 
(ICI,  time  in  seconds)  (Fig.  2,  MAC  p  =  0.043,  trained  6.54  +  4.75, 
non-trained  2.56+1.39;  ICI p  =  0.018,  trained  25.40+12.98,  non- 
trained  12.25  +  3.77).  Contraction  time  (trained  25.23  +  15.35, 
non-trained  16.03  +  3.67),  resting  pressure  (trained  16.10  +  5.52, 
non-trained  17.80  +  2.46),  and  bladder  weight  (trained  0.36  +  0.11, 
non-trained  0.40  +  0.10  [for  reference,  naive  age-matched  controls 
0.22  ±  0.03])  demonstrated  no  differences  between  groups. 

Bladder  weight  (g),  however,  significantly  correlated  (Pearson 
correlation)  with  voiding  efficiency  in  only  the  trained  group 
(p  =  0.004,  r=-  0.946,  r2  =  0.895,  n  =  6).  Bladder  hypertrophy 
post-SCI  can  result  from  detrusor  sphincter  dyssynergia  in  a 
manner  similar  to  bladder  outlet  obstruction,  which  is  reversible 
with  outlet  relief.48'49  The  sphincter  must  be  relaxed  during  a 
bladder  contraction  to  allow  emptying.  Based  on  our  findings,  we 
would  infer  that  the  sphincter  of  the  trained  rats  was  in  partial 
coordination  to  allow  for  the  flow  of  urine,  an  increase  in  voiding 


efficiency,  and  the  significant  relationship  between  bladder  weight 
and  voiding  efficiency  for  trained  rats. 

Training  affected  neurotrophin  mRNA  in  the  bladder 

The  afferents  responsible  for  transducing  bladder  stimuli  un¬ 
dergo  anatomical,  functional,  and  neurochemical  plasticity  in  re¬ 
sponse  to  SCI  and  SCI-related  tissue  pathologies  such  as  cystitis 
(bladder  inflammation).48'50-52  These  plasticity  phenomena  have 
been  linked  to  increased  production  of  NGF  in  bladder  tissues.49'53-56 
Given  that  step  training  affected  bladder  function  and  that  training 
affects  neurotrophin  production  in  other  tissues  (muscle,  spinal 
cord),57'58  we  assessed  neurotrophin  mRNA  in  the  bladders  of  both 
trained  and  non-trained  rats  by  qPCR.  The  expression  level  of  each 
transcript  was  determined  relative  to  /1-actin.  NGF  mRNA  was 
significantly  decreased  in  the  bladders  of  trained  versus  non-trained 
rats  (Fig.  2,  trained  1.37  +  0.31;  non-trained  2.08  ±0.75,  p  =  0.038; 
naive  [»  =  5]  1 .33  ±  0.56).  Levels  of  BDNF  and  NT3  mRNA  were 
not  different  between  groups.  NGF  plays  a  large  role  in  the  excit¬ 
ability  and  activity  of  the  bladder.  NGF  administration  alone  can 
induce  bladder  overactivity.56'59  Our  finding  that  SCI  animals  that 
had  LT  also  had  decreased  bladder  NGF  mRNA  and  increased 
micturition  function  (longer  ICI,  which  is  a  goal  in  the  context  of 
SCI)  suggests  that  training  was  able  to  ameliorate  bladder  over¬ 
activity  after  SCI  through  changes  in  NGF. 

Multiple  regression  analysis  revealed  that  MAC  (p<0.05,  Beta 
weight  0  =  0.44),  and  training  group  (p<0.05,  Beta  weight  =  0.51) 
were  good  predictors  of  voiding  efficiency  (R2  =  0.870,  p<0.001, 
N=14).  Therefore,  training  modified  the  relationship  of  voiding 
efficiency  and  MAC.  Multiple  regression  analysis  of  cystometry 
parameters  with  NGF  was  significant  (R2  =  0.69,  p<  0.01,  N=  14), 
although  only  training  was  a  significant  predictor  of  NGF 
(p<  0.005,  Beta  weight  =  0.88).  Examination  of  the  relationships 
(Pearson  correlations)  between  NGF  and  voiding  efficiency  with 


FIG.  3.  Mechanical  and  thermal  sensory  testing,  (a)  Mechanical  allodynia  testing  demonstrated  that  training  initiated  at  2  weeks  (W) 
post-spinal  cord  injury  (SCI)  leads  to  a  significant  decrease  of  allodynia  scores  in  at-level  dermatomes  compared  with  non-trained 
controls  (*p  =  0.027  W5,p  =  0.046  W6,p  =  0.029  W7,p  =  0.006  W8,p  =  0.003  W9,  p  =  0.016  W 10,  p  =  0.002  W1 1,  p  =  0.015  W12).  In 
agreement  with  Basso-Beattie-Bresnahan  scoring,  it  took  approximately  3  weeks  to  see  a  significant  training  effect,  (b)  The  Hargreaves 
test  for  thermal  hyperalgesia  of  the  hindpaws  did  not  reveal  significant  differences  between  trained  and  non-trained  groups.  The  mean  of 
10  trials  (5  on  right  and  5  on  left  hindpaws)  is  shown.  Importantly,  training  did  not  exacerabate  thermal  hyperalgesia. 
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ICI  and  bladder  weight  revealed  that  ICI  was  strongly  correlated 
with  NGF  in  the  training  group  only  (r  =  0.84,  p  <  0.05,  n  =  6),  and 
voiding  efficiency  and  bladder  weight  were  highly  correlated  only 
in  the  training  group  (r  =  0.95,  p  <  0.005,  n  =  6).  Therefore,  training 
modified  the  relationship  of  NGF  to  MAC  and  ICI,  as  well  as  the 
relationship  between  voiding  efficiency  and  bladder  weight.  These 
relationships  are  demonstrated  with  descriptive  3D  graphs  in  Figure 
2b-d. 

Training  decreased  at-level  allodynia  but  had  no  effect 
on  below-level  thermal  sensitivity 

In  this  study,  we  applied  non-noxious  mechanical  stimuli  to  the 
dermatomes  immediately  rostral  to  the  injury  (at-level).  Based  on 
several  categories  of  pain-related  behavioral  responses  indicative 
of  higher  order  processing,  animals  were  scored  for  sensitivity.36 
After  contusion,  at-level  allodynia  developed  in  all  animals  by  14 
days  post-SCI  (all  animals  scored  greater  than  zero).  After  3  weeks 
of  training  (i.e.,  5  weeks  after  injury),  at-level  allodynia  scores  for 
the  trained  group  became  significantly  lower  than  non-trained  for 
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the  duration  of  training  (Fig.  3a).  The  contusion  injury  did  not 
induce  significant  thermal  sensitivity  relative  to  pre-injury  with¬ 
drawal  thresholds.  Step  training  did  not  alter  hindpaw  thermal 
sensitivity  compared  with  non-trained  controls  (p>0.05;  Fig.  3b). 
It  has  been  suggested  that  the  rhythmicity  and  loading  that  occur 
during  step  training  have  more  pain  relieving  efficacy  than  swim  or 
stand  training.60  These  results  support  step  training’s  efficacy  in 
relieving  post-SCI  pain — in  this  case,  at-level  allodynia. 

Training  leads  to  improved  overground  and  treadmill 
locomotion 

Pre-training  BBB  means  agreed  with  previous  functional  out¬ 
comes  using  the  Infinite  Horizon  Impactor.22  61  The  trained  group 
as  a  whole  scored  significantly  higher  BBBs  beginning  after  3 
weeks  of  training  (5  weeks  post-SCI).  During  post-hoc  analysis  of 
individual  animal  trends,  we  discovered  that  the  effect  of  step 
training  on  BBB  scores  was  dependent  on  intrinsic  weight  support 
(Fig.  4).  Animals  that  could  achieve  weight  support  before  training 
went  on  to  gain  coordinated  forelimb-hindlimb  stepping.  It  is  very 


FIG.  4.  Basso-Beattie-Bresnahan  (BBB)  scoring,  (a)  Trained  group  means  were  significantly  higher  than  non-trained  at  several  weeks 
(W)  (n  =  l  trained  vs.  n  =  8  non-trained;  *p  =  0.035  W5,  p  =  01)29  W7,  p  =  0.013  W8,  p  =  0.023  W9,  p  =  0.016  Wll,  p  =  0.05  W12, 
p  =  0.041  W13).  (b)  Post-hoc  analysis  revealed  that  the  effect  of  step  training  on  BBB  scores  was  dependent  on  intrinsic  weight  support. 
In  animals  that  could  not  weight  support  before  training  commenced,  significant  differences  were  detected  (n  =  2  trained  vs.  n  =  5  non- 
trained;  *p  =  0.011  W8;  p  =  0.019  W13).  With  this  training  paradigm,  it  took  approximately  6  weeks  of  training  to  see  improvements  in 
locomotion  in  animals  that  could  weight  support  before  training  commenced.  Functional  differences  between  trained  and  non-trained 
occurred  in  consistency  of  weight  supported  plantar  stepping  and  forelimb  to  hindlimb  coordination. 
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important  to  note  that  non-trained  animals  that  could  also  achieve 
weight  support  at  2  weeks  post-SCI  never  gained  coordinated 
forelimb-hindlimb  stepping.  LT  still  leads  to  significant  improve¬ 
ments  (compared  with  non-trained)  even  without  weight  support. 
Note  that  mean  BBB  scores  (trained  vs.  non-trained)  were  equal 
pre-training  (without  weight  support:  n  =  2  trained  8.0  +  0.0, 
n  =  5  non-trained  8.0+1.22;  with  weight  support:  n  =  5  trained 
10.8  +  0.45,  n  =  3  non-trained  10.3+  1.15). 

Kinematic  analysis  of  maximum  (joint  extension),  minimum 
(joint  flexion),  and  excursion  (joint  range  of  motion)  angles  formed 
by  the  HAT  and  IHA  during  stepping  at  22  cm/sec  was  compared 
between  groups  post-training.  Trained  animals  demonstrated  sig¬ 
nificantly  greater  ankle  flexion  than  non-trained  controls  (Fig.  5b, 
trained  HAT  92.03  +  10.64;  non-trained  HAT  128.46  +  41.34, 
p  =  0.041).  Hip  and  ankle  angular  excursions,  stride  length,  phase 
relationship,  toe-hip  distance,  and  toe  velocity  were  not  different 
between  groups  (data  not  shown). 

Gait  analysis  was  performed  at  30,  60,  and  80  days  post-training. 
Improvements  were  detected  in  step  cycle  duration,  stance,  swing, 
and  steps  per  second.  Step  cycle  duration  (the  time  between  two 
successive  left  foot  contacts)  of  the  non-trained  group  increased 


significantly  from  30  to  60  days  and  remained  stable  at  80  days 
(Fig.  6a,  non-trained  30:  1.76  +  2.01,  60:  2.99+1.70,  80:  2.55  + 
1.67,  p  =  0.037).  Compared  with  non-trained  controls,  the  trained 
group  had  significantly  shorter  step  cycle  duration  at  the  60  day 
time  point  and  remained  stable  at  80  days  (Fig.  6a,  trained  30: 
0.64  +  0.08,  60:1.41+0.23,  80:  1.46  +  0.34,  p  =  0.031).  The  trained 
group  also  demonstrated  less  variability  than  the  non-trained  for 
each  time  point. 

Further  group  differences  were  found  when  comparing  the 
stance  and  swing  phases  of  the  step  cycle  (Fig.  6b).  Stance  duration 
increased  in  the  non-trained  group  with  time  from  SCI,  but  re¬ 
mained  stable  in  the  trained  group.  Stance  duration  was  signifi¬ 
cantly  shorter  in  the  trained  group  at  the  60  day  time  point 
compared  with  non-trained  controls  and  remained  stable  at  80  days 
(Fig.  6b,  non-trained  60:  2.45  +  2.13,  trained  60:  0.56  +  0.16,  80: 
0.53  +  0.14,  p  =  0.037).  The  swing  phase  significantly  increased 
with  time  for  both  groups  (Fig.  6c,  non-trained  30:  0.10  +  0.08,  60: 
0.54  +  0.46,  p  =  0.01 1,  80:  0.93  +  0.94,  p  =  0.019;  trained  30: 
0.20  +  0.04,  60:  0.85  +  0.14,  p  =  0.001,  80:  0.92  +  0.30).  These 
findings  suggest  that,  at  the  30  day  time  point,  both  trained  and  non- 
trained  animals  took  quick,  short  steps  or  no  steps  (hindpaw 
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FIG.  5.  Hindlimb  kinematics.  Trainers  did  not  touch  or  assist  the  animals  during  locomotor  assessments  (except  to  position  the  paws 
in  a  plantar  position  before  the  treadmill  belt  started),  (a)  Maxtraq  diagram  showing  the  ilium-hip-ankle  (IHA)  and  hip-ankle-toe  (HAT) 
angles,  (b)  Maximum  and  minimum  (peaks  and  troughs)  mean  angular  amplitudes  of  the  hip  and  ankle  joints  at  the  completion  of  the 
study.  Trained  animals  demonstrate  significantly  greater  mean  ankle  flexion  (trained  HAT  92.03  +  10.64;  non-trained  HAT 
128.46  +  41.34,  p  =  0.041).  (c,  d)  Stick  figure  representation  of  two  animals  with  comparable  Basso-Beattie-Bresnahan  (BBB)  scores 
from  the  trained  (BBB  =  12)  and  non-trained  (BBB  =  11)  groups  at  the  completion  of  the  study.  Trained  animals  had  larger  mean  angular 
excursions  at  both  the  hip  and  ankle  (trained  excursions:  HAT  76.95  +  25.64,  IHA  35.25  +  9.98;  non-trained  excursions:  HAT 
61.73  +  28.06,  IHA  27.20  +  9.90).  (e,  f)  Phase  relationship  of  stepping  via  the  hip  and  ankle  angular  pattern  of  peaks  and  troughs  (or 
extension  and  flexion).  The  trained  animal  demonstrates  a  greater  range  of  motion  in  the  ankle  (e  vs.  f,  light  gray  trace). 
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dragging),  which  resulted  in  a  short  swing  phase  followed  by  re¬ 
covery.  The  trained  group  took  significantly  more  steps  per  second 
at  60  and  80  days  than  30  (Fig.  6d  trained  30:  0.66  +  0.11,  60: 
1.56±0.38,p  =  0.008,  80:  1. 50 ±  0.4 l,p  =  0.026).  The  trained  group 
also  took  significantly  more  steps  per  second  compared  with  non- 
trained  controls  at  60  days  (Fig.  6d,  non-trained  60:  0.56  +  0.74, 
p  =  0.007). 

EMG  data  from  hindlimb  muscles  during  unassisted  treadmill 
stepping  (22  cm/sec)  were  compared  at  2  weeks  post-SCI  (pre¬ 
training)  and  after  80  days  of  training  (or  non-training).  The  burst 
pattern  became  more  organized  with  training,  whereas  non-trained 
animals  displayed  irregular  bursting,  coactivation,  and  decreased 
activity  (Fig.  7).  Decreased  muscle  activity  and  EMG  amplitudes 
have  been  previously  reported  for  chronic  spinalized  rats.62  Trained 
animals'  mean  EMG  amplitudes  significantly  increased  in  the  SOL 
muscle,  an  ankle  extensor  and  plantar  flexor,  compared  with  non- 
trained  controls  (Fig.  8b,  trained  96.72  +  25.48;  non-trained 
27.10+  13.06,  p  =  0.003).  Although  not  significant,  trained  animals 
approximated  a  1:1  burst-to-step  ratio  for  SOL,  TA,  and  ST  (Fig. 
8c),  while  non-trained  animals  had  greater  variability  (SOL:  trained 
0.96  +  0.03,  non-trained  1.25  +  0.96). 


No  differences  in  WMS  at  epicenter  or  ventrolateral 
funiculus 

Severe  contusion  resulted  in  complete  loss  of  grey  matter  at  the 
epicenter  of  the  lesion  and  a  rim  of  spared  white  matter.  There  was  no 
significant  difference  in  the  initial  injury  parameters  of  force  or 
displacement  (force  (kdyn)  trained  216.50  +  6.7;  non-trained 
217.25  +  8.1;  displacement  (/an)  trained  1218.75  +  109.0;  non- 
trained  1300.5  +  81.6).  There  was  no  significant  difference  overall  in 
the  percent  WMS  at  the  epicenter  (trained  18.84  +  6.1;  non-trained 
13.62  +  4.2).  An  example  showing  WMS  from  a  trained  and  non- 
trained  rat  is  provided  in  Figure  9.  In  addition,  no  significant  dif¬ 
ference  was  found  in  degree  of  asymmetry  of  percent  ventrolateral 
funiculus  WMS  (trained:  20.29+17.3;  non-trained:  19.34  +  12.1), 
which  we  have  shown  to  be  related  to  the  presence  of  at-level  allo- 
dynia,36  suggesting  that  the  lesion  alone  cannot  explain  the  observed 
behavioral  differences  between  the  two  groups.  A  correlation  anal¬ 
ysis  between  ventrolateral  funiculus  (VLF)  WMS  and  BBB  score 
revealed,  using  the  non-parametric  Spearman  Rank  correlation,  no 
significant  correlation  for  both  the  trained  (rs  =  0.59,  p  > 0.05,  n  =  7) 
and  non-trained  (rs  =  0.22,  p  >  0.05,  n  =  8)  groups  of  rats. 
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FIG.  6.  Gait  analysis.  Animals  were  recorded  stepping  at  22  cm/sec  for  gait  analysis,  completely  unassisted,  (a)  Step  cycle  duration  is  the 
time  between  two  successive  left  foot  contacts.  The  mean  step  cycle  duration  of  the  non-trained  group  became  significantly  longer  (30  vs. 
60  days,  #p  =  0.037;  30:  1.76  +  2.0,  60:  2.99+  1.7).  Trained  animals  had  a  significantly  shorter  mean  step  cycle  duration  than  non-trained 
animals  at  the  60  day  time  point  (trained  1.41+0.23,  non-trained  2.99+  1.7,  %p  =  0.031).  (b)  Stance  duration  is  the  time  between  contact 
and  liftoff  of  the  left  foot.  Trained  animals  had  significantly  shorter  mean  stance  duration  compared  with  non-trained  animals  at  the  60  day 
time  point  (trained  0.56  +  0.16,  non-trained  2.45  +  2.13,  %p  =  0.037).  (c)  Swing  duration  is  the  difference  between  step  cycle  and  stance 
durations.  No  significant  differences  were  detected  between  groups.  All  animals  initially  had  short  swing  durations,  which  improved  with 
time  during  the  study;  non-trained  30:  0.10  +  0.08,  60:  0.54  +  0.46,  80:  0.93  +  0.94;  trained  30:  0.20  +  0.04,  60:  0.85  +  0.14,  80:  0.92  +  0.30 
(#non-trained  30  vs.  60,p  =  0.011  and  80,p  =  0.019;  **trained  30  vs.  60,p  =  0.001).  (d)  In  terms  of  the  number  of  steps  per  second,  trained 
and  non-trained  groups  demonstrated  similar  function  at  30  days  (0.66  +  0.1 1  vs.  0.70  +  0.50),  but  by  the  60  day  time  point,  trained  animals 
took  significantly  more  steps  per  second  than  non-trained  animals  (trained  1.56  +  0.38,  non-trained  0.56  +  0.74,  %p  =  0.007).  Within  the 
trained  group,  animals  took  significantly  more  steps  per  second  at  60  and  80  days  compared  with  30  days  (*30vs.  60  p  =  0.008  and  80: 
1.50  +  0.41,  p  =  0.026),  indicative  of  the  positive  effects  of  training  on  the  ability  of  these  animals  to  take  successful  steps.  In  addition, 
animals  in  the  trained  group  showed  less  variability  than  animals  in  the  non-trained  group  for  each  measure. 
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FIG.  7.  EMG  traces  from  hindlimb  muscles  during  unassisted  treadmill  stepping  (22  cm/sec)  were  compared  at  2  weeks  post-spinal 
cord  injury  (SCI)  (pre-training)  and  after  80  days  of  training  (or  non- training).  “Before  and  after”  EMG  activity  of  four  muscles  soleus 
(SOL),  tibialis  anterior  (TA),  semitendinosus  (ST),  and  vastus  lateralis  (VL)  are  shown  for  the  left  hindlimb  of  one  trained  and  one  non- 
trained  animal  at  matched  time  points.  Post-training,  the  trained  animal  exhibits  a  more  coordinated  burst  pattern  while  the  non-trained 
animaTs  EMG  activity  has  uncoordinated  bursting  activity. 


Discussion 

Step  training  post-SCI  resulted  in  significant  multi-system 
functional  gains.  Beneficial  outcomes  after  3  months  of  daily  1-h 
quadrupedal  step  training  sessions  with  manual  assistance  included 


improved  bladder  function,  reduced  at-level  allodynia,  improved 
overground  walking  (BBB),  hindlimb  EMG,  and  kinematics.  It  is 
important  to  note  that  for  this  study,  only  male  rats  were  used 
because  the  SCI  population  is  80%  male.  Sex  differences  (not  ex¬ 
amined  in  the  present  study)  do  exist  in  response  to  SCI,  training, 


3  Post-Contusion,  Pre-training  b  Post-trained  or  Non-trained 


C  Post-trained  or  Non-trained 


FIG.  8.  Electromyography  (EMG)  quantification,  (a)  EMG  integrated  mean  amplitudes  from  four  muscle  of  the  left  hindlimb  of 
animals  before  and  after  training.  Pre-training,  there  were  no  significant  differences  between  trained  and  non-trained  mean  amplitudes, 
(b)  Post-training,  the  trained  group  demonstrated  a  significant  increase  in  the  soleus  (SOL)  muscle  mean  amplitude  compared  with  non- 
trained  controls  (p  =  0.003).  (c)  Burst-to-step  ratios  for  each  recorded  muscle.  Although  no  significant  difference  was  detected,  trained 
animals  display  ratios  closer  to  1:1  and  have  less  variability  than  non-trained  controls,  especially  noticeable  in  the  SOL  muscle  (SOL: 
trained  0.96  +  0.03,  non-trained  1.25  +  0.96).  TA,  tibialis  anterior;  ST,  semitendinosus;  VL,  vastus  lateralis. 
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FIG.  9.  Histology.  Example  shows  the  lesion  epicenter  from  a  trained  and  non-trained  male  rat  with  spinal  cord  injury.  A  bilateral  rim 
of  tissue  sparing  with  staining  of  both  Luxol  fast  blue  and  cresyl  violet  (Kluver-Barrera  method)  can  be  seen.  Total  percent  white  matter 
sparing  measured  (relative  to  rostral/caudal  intact  sections  from  the  same  animal,  not  shown)  and  Basso-Beattie-Bresnahan  (BBB) 
scores  assessed  during  the  final  week  of  testing  for  the  animals  shown  was  19.9%/BBB  =  16  (trained)  and  18.7%/BBB=12  (non- 
trained).  Color  image  is  available  online  at  www.liebertpub.com/neu 


micturition,  and  development  of  pain  as  noted  in  a  variety  of  human 
and  animal  studies.63-71 

Step  training 

A  1  h  per  day  training  paradigm  with  weight  bearing  stepping 
was  controlled  using  a  treadmill  system  and  incorporated  specific 
aspects  of  locomotion  aimed  at  facilitating  recovery.  Repetitive 
practice  of  weight  bearing  steps  likely  induces  plasticity  within  the 
lumbosacral  spinal  cord,  leading  to  functional  improvements  not 
only  for  locomotion  but  for  other  circuitries  as  well  (see  below), 
because  this  spinal  cord  region  contains  single  neurons  having 
multiple  somato-visceral  convergent  inputs.72'73  A  similar  training 
strategy  is  currently  being  used  in  human  studies  with  benefits  for 
multiple  functional  systems  as  well.19 

As  with  the  human  studies,  manual  assistance  is  being  provided. 
Unlike  robotic  systems,33'74  manual  assistance  allows  for  variable 
stepping  trajectories  and  challenges  the  rats  to  weight  support  and 
control  their  trunk  on  their  own.  While  studies  aimed  at  limiting 
movements  (hindlimb  immobilization)  have  a  negative  impact  on 
locomotor  recovery,75  strategies  aimed  at  increasing  animal  activity 
through  environmental  enrichment  have  also  shown  improve¬ 
ments  for  locomotor  skills.76'77  Male  rats  being  examined  in  current 
studies  with  control  groups  exposed  to  the  same  environments  for 
equal  amounts  of  time  do  not  exhibit  significant  improvements  in 
BBB  scores  and  kinematic  analysis  (Program  No.  85.17.  Neu¬ 
roscience  Meeting  Planner.  Society  for  Neuroscience,  2012). 

Step  training  and  bladder  function 

Detrusor  sphincter  dyssynergia  (bladder  and  external  urethral 
sphincter  [EUS]  contracting  simultaneously)  is  a  major  impedi¬ 
ment  to  efficient  voiding  post-SCI.  This  results  in  large  residual 
volumes  predisposing  persons  with  SCI  to  recurrent  urinary  tract 
infections  and  cystitis.  The  mechanisms  contributing  to  improved 
bladder  function  with  step  training  post-SCI  in  the  current  study  are 
unknown,  but  may  include  interactions  through  increased  extensor 
activity  and/or  somatosensory  feedback  during  stepping.  Lower 
limb  extensor/flexor  activation,  for  example,  can  alter  EUS  and 


detrusor  muscle  activity.  Post-SCI,  flexion  reflexes  are  overactive78 
and  may  exacerbate  detrusor  sphincter  dyssynergia.4 

In  the  present  study,  step  training  was  found  to  significantly  in¬ 
crease  SOL  EMG  amplitude.  Greater  extensor  activity,  which 
has  been  shown  to  inhibit  EUS  activity,7980  may  contribute  to  the 
measured  increase  in  voiding  efficiency  by  reducing  the  severity  of 
detrusor  sphincter  dyssynergia  and  decreasing  urethral  resistance. 
Also,  electrical  stimulation  of  the  foot  or  posterior  tibial  nerve  can 
increase  bladder  capacity  and  decrease  bladder  overactivity  in  both 
humans  and  animals.81-85  Somatosensory  feedback  during  stepping 
may  be  similar  to  foot  electrostimulation  leading  to  the  measured 
increase  in  ICIs.  It  will  be  important  for  subsequent  studies  to  directly 
explore  the  impact  of  training  on  sphincter  and  detrusor  activity. 

Step  training  and  other  forms  of  exercise  also  regulate  neuro- 
trophin  levels  and  may  contribute  to  locomotor  and  sensory  recov¬ 
ery.57'58'60  Step  training  may  improve  bladder  function  through  the 
regulation  of  NGF  or  other  molecules.  Our  results  demonstrated  re¬ 
duced  bladder  NGF  mRNA  in  the  step  trained  group  (vs.  non-trained) 
while  BDNF  and  NT3  remained  unchanged.  NGF  has  long  been 
implicated  in  bladder  dysfunction  disorders86  and  has  been  proposed 
as  a  potential  biomarker  screening  tool  for  clinical  bladder  disor¬ 
ders.87  NGF  administration  into  the  normal  bladder  induces  hyper¬ 
activity  and  increases  firing  rate  of  dissociated  bladder  afferents.50 
NGF  production  increases  in  the  bladder  after  SCI88  and  has  been 
proposed  to  underlie  detrusor  hyperreflexia  and  detrusor  sphincter 
dyssynergia.89  A  reduction  of  NGF  (or  return  to  baseline  levels)  via 
step  training  would  facilitate  return  of  normal  bladder  function. 

Step  training  and  neuropathic  pain 

Attempts  to  manage  chronic  pain  and  dysesthesia  often  use  ex¬ 
ercise  therapies.1112  Greater  asymmetrical  lesion  damage/sparing 
is  associated  with  abnormal  inputs  to  higher  centers,  altered  re- 
sponsiveness,  and  nociceptive-like  behaviors.'  •  ’  Despite 
similar  degrees  of  VLF  damage  asymmetry  relative  to  non-trained 
controls,  step  trained  animals  demonstrated  a  normalized  response 
to  mechanical  stimulation  of  at-level  dermatomes,  indicative  of  a 
reduction  in  hypersensitivity. 
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Multiple  potential  underlying  mechanisms  exist  that  may  explain 
the  step  training  induced  allodynia  changes  in  the  present  study. 
For  example,  immediate  and  long-term  exercise  induced  analgesia 
may  involve  intrinsic  mechanisms  such  as  increased  endogenous 
opioid  production.93,94  Administration  of  naloxone,  an  opioid  re¬ 
ceptor  antagonist,  was  seen  to  reverse  treadmill  exercise  associated 
reductions  of  mechanical  hyperalgesia  in  a  rodent  model  of  chronic 
muscle  pain.95  Pre-treatment  with  naloxone,  p-chlorophenylalanine 
methyl  ester  (a  serotonin  synthesis  inhibitor),  or  a  bilateral  adre¬ 
nalectomy  (adrenals  are  a  source  of  endogenous  opioids  in  addition 
to  the  pituitary)  in  a  model  of  visceral  nociception  blocked  the 
exercise  induced  hyponociception  in  mice,  implicating  endogenous 
opioids  and  serotonergic  mechanisms.96 

There  appears  to  be  a  threshold  of  intensity  and  duration  of 
exercise  to  induce  analgesic  responses  and  increase  plasma  beta- 
endorphin  levels.97  Our  results  support  the  hypothesis  that  long¬ 
term  exercise  (60  min  daily  for  12  weeks)  decreases  post-SCI  pain. 
In  addition,  extended  training  duration  is  associated  with  im¬ 
provements  in  both  gait  and  increased  patient  quality  of  life  and 
physical  function.98 

Decreases  in  at-level  allodynia  may  also  result  from  somatosen¬ 
sory  stimulation  during  step  training.  Afferent  input  achieved  from 
loading  and  rhythmicity  of  stepping  has  been  shown  to  successfully 
influence  locomotion  and  modulate  efferent  output.99  Treadmill 
stepping  for  60  min  has  also  led  to  increases  of  serotonin  (5-HT)  in 
laminae  III-V,  possibly  from  activation  of  the  nucleus  raphe  magnus 
during  motor  training.100  Serotonergic  neurons  in  certain  brainstem 
nuclei  project  to  the  dorsal  horn,101  and  decreases  in  serotonin¬ 
positive  fibers  below  the  level  of  SCI  are  associated  with  neuropathic 
pain;  intrathecal  delivery  of  5HT  can  attenuate  allodynia.102 

Engesser-Cessar  and  colleagues103  showed  that  wheel  running  in 
SCI  mice  led  to  an  improvement  in  locomotion  as  well  as  an  in¬ 
crease  in  serotonin-positive  fibers  below  the  level  of  the  injury. 
Serotonin  can  also  inhibit  primary  afferent  evoked  inputs  in  lami¬ 
nae  IV-VII104  that  project  to  supraspinal  centers  through  ventral 
and  lateral  white  matter  tracts  and  may  represent  a  mechanism 
through  which  step  training  may  activate  descending  serotonergic 
pathways  and  suppress  incoming  noxious  inputs  in  an  asymmetrical 
VLF  lesion. 

Step  training  and  locomotion 

For  a  recent  review  of  LT  for  the  recovery  of  locomotion,  see 
Battistuzzo  and  coworkers.105  In  this  study,  step  trained  contused 
male  rats  moderately  improved  overground  walking  (BBB)  asso¬ 
ciated  with  consistent  weight  bearing  steps  and  degree  of  forelimb- 
hindlimb  coordination.  The  non-trained  control  group  maximized 
their  recovery  by  6  weeks  post-SCI  but  never  reached  the  levels  of 
the  LT  group,  suggesting  that  the  daily  stepping  had  a  significant 
effect  beyond  spontaneous  recovery  attained  from  WMS. 75,106,107 
Similar  WMS  between  groups  suggests  that  recovery  occurred 
through  mechanisms  that  facilitated  or  enhanced  remaining  path¬ 
ways.  This  does  not  rule  out  regeneration  (short  distance  or  col¬ 
lateral  sprouting)  or  remyelination,  however.  In  addition,  it  should 
be  considered  that  LT  may  have  prevented  a  functional  decline  of 
or  modified  the  spinal  circuitry  below  the  lesion. 108-1 12 

Continued  task  specific  stepping  practice  is  essential  to  main¬ 
taining  gait  improvements  in  both  humans  and  animals.113-117 
Therefore,  other  gains  achieved  from  LT  (bladder  or  sensory 
function)  might  also  diminish  once  training  ceases.  Thus,  assessing 
function  well  beyond  the  end  of  training  is  an  important  future 
experiment. 


Conclusions 

Activity  based  training  can  influence  urologic  and  pain  outcomes 
that  are  important  to  persons  with  SCI  irrespective  of  the  influence  on 
locomotion  that  is  moderate  and  dependent  on  intrinsic  weight 
support  capacity.  Our  results  support  observations  in  several  recent 
patient  case  studies  suggesting  that  LT.  such  as  body  weight  sup¬ 
ported  step  training,  may  be  beneficial  for  the  alleviation  of  post-SCI 
bladder  dysfunction  and  pain  and  thus  justifies  further  investigation. 
These  novel  findings  demonstrating  multiple  improvements  in  non¬ 
locomotor  as  well  as  locomotor  systems  suggest  that  step  training 
after  SCI  could  translate  to  significant  quality  of  life  gains  for  persons 
living  with  a  wide  range  of  functional  deficits  post-SCI. 
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